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ABSTRACT 
A computer-controlled system was set up for the 
pr0sentation of tactile patterns to subjects and the performing 
of psychophysical experiments. The display device was an array 
of 35 solenoid-operated pins, covering an area of about 1 sq. cm. 
A number of experiments were conducted to investigate the 
effects of several parameters upon the discrimination of tactile 
patterns presented to the fingerpad. 
Neasures obtained with the system of some basic properties 
of the human tactual sense, the limen for duration, the limen for 
localisAtion, and the two-point threshol~ were in agreement with 
those obtained by others with different techniques. 
The new experiments have included a detailed study of the 
discrimination of short durations, the detection of simultaneity, 
the detection of increments of spatial extent and of gaps, a study 
of the interactions of stimulus points, and the effect of duration 
upon ability to localise. 
From the results, some conclusions have been drawn 
concerning the operation of the tactile sense. In particular, it 
appears that the mechaaical properties of the skil1:"are very 
important; vibrations may be set up which atfect the psychophysical 
result~ and spatial interactions of stimuli can occur. 
All appraisal of the experimental technique i. made aDd the 
relevance ot the results to the construction of communication 
devices and aids to the blind, and a possible encoding scheme are 
discussed. 
Suggestions are also made for future experiments. 
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CHAPTER 1 
INT1~ODUCTION 
1 : 1 Formulation 
The sense of Touch, although included among the Five 
Cardinal Senses, has only within the last twenty years been 
the subject of research as well coordinated as that upon the 
sense ot Sight or Hearing. 
As a sensory system, it possesses the disadvantage of 
requiring to be in direct physical contact with the object of 
./o~ 
scrutiny. It is perhaps/this reason that the tactual 
system has been considered to be ot secondary importance onl1 
and that research has to some extent been concentrated upon 
the problems ot using it as a secondary channel of communication. 
with the blind or deaf. 
The senae of Touch is, however, of primary importance. 
It is probably the oldest sense, from which Sight and Hearing 
have developed as specialisations and its innervation is 
somewhat simpler and more directly aocessible. Geldard (53) 
has noted that the spatial and temporal properties of the 
tactual system are intermediate between those of eye and ear. 
For these reasons, investigations of the tactual system may 
well contribute to our understanding of the visual and auditory 
systems. 
The research described here was orientated towards the 
production of an aid for the blind, being concerned with the 
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determination of the 'language' in which to address the skin. 
The experiments have been performed to discover the 
effects and interactions involved in the perception and 
discrimination of fine-scale patterns presented to the 
fingerpad. The apparatus used to display the tactile patterns 
was an array of thirty-five solenoid-operated pins, each capable 
of being raised independently. The experimental technique was, 
in essence, to present two patterns in succession to the subject 
and to require him to discriminate between them. The rate of 
&p,~r~~~ 
error for this task is a measure of the/similarity of the two 
patterns. 
By comparing a pattern with a slightly distorted version 
of itself, it is possible to determine the importance of a 
particular feature of a tactile pattern to the tactual system. 
The psychophysical experiments performed have inTestigated a 
variety of spatial, temporal and spatio-temporal factors in 
tactile discriminations. They have been directed upon a broad 
front, with a large number of types of experiment and a small 
number of subjects. All types of experiment have been 
performed upon the author, enabling comparisons to be made among 
them. 
Because of the spatio-temporal interactions found in the 
sense of Touch, the patterns employed haTe been structured in 
time as well as space, necessitating the control of a large 
amount of information. A small digital computer has therefore 
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been used and some time has been spent in developing a suitable 
program to control the display of patterns and to run the 
experiments. 
1:2 The Thesia 
Chapter two of the thesis is an out1ine of the structura 
and organisation of the human tactual system, followe4 by a 
review of its known processing properties. 
Chapter three elaborates the methods of inve.tigation, 
with detai1s of the apP'aratus, the program and the techniques 
of experimentation and analysi. of the reau1ta. 
Chapter four describes the evolution ot the computer 
program and the present structure and operation of the pattern-
displaying and experiment-running routines. 
Chapter five presents the details of the experiments 
performed, the results obtained, and the conc1usions reached 
for each of a number of classes of pattern. 
The effects of onset and finish ot a pattern, the 
discrimination of durations, the effects of spatia1 extent, 
of duration of exposure and the discrimination of s1mu1taneity 
have been studied. 
Chapter six attempt. a general assessment of the results 
in relation to the experimental technique, the human tactual 
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system, and comminucation devises. 
Chapter seven contains some suggestions for future 1ines 
of research. 
There is a1so an appendix, in which signa1 detection 
theory is applied to the technique of presentation to derive a 
measure of pattern dissimilarity based upon error scores. 
CHAPTER 2 
THE TACTUAL SYSTEM 
2:1 The Structure of Skin 
The skin is a general purpose co~ering which has many 
functions. Not only does it protect the deeper tissues from 
mechanical shocks, it provides thermal regulation and also 
contains an elaborate sensory syste •• 
Its structure is layered into well-defined regions; 
the stratum corneum, the epidermis, the dermis and the sub-
cutaneous fat which overlies the deep fascia (Fig 1.). The 
epidermis is a layer of actively dividing cell. which varies 
in thickness and texture over the body (98). The rellains of 
the epidermal cells for. an outer horny layer of keratinous 
material which is particularly tough and resilient. The 
dermis, thi.ker than the epid.rmis and coaposed maiD]Y of 
collagen fibres and elastic fibres, i. divided froa the 
upper layers by an undulating boundary, the ridges of which 
are known as the sub-dermal papillae (67.98). The dermis 
contains the hair follicles and sweat glands as well as many 
of the akin receptor organs. 
The deepest layer, the sub-cutaneous fatty tissue, 
provides both thermal insulation and cushioning against 
mechanical shocts. 
The nails of the hands and feet are specialised 
structures, de~eloped from the dermis (67). They provide 
support for the digital pads and as such probably deserve 
A. Epidenni.. B. Denni. . C. Subcuuneow fat . D . Deep futia . E. Mu.cle. F . 
Sebaceouaflando in &aaOC.ation with a hair follicle . G. Arrector pili muacle. H . Sweat IIland . 
K. Duct 0 ... eatrland. L . BlllboUJ corpuacle. M. Lamellated end bulb. N . Preaoure oor-
puacle. O. Tactile corpuacle '" a papilla. P. Sllperficial nerve plau.. Q. Deep nerve 
plexul. R. utaneoul nerve. " Cutaneouo veUcll. 
Fie _ 1/ A ache e ahonng tructur of the skin . 
gnified . Din tic _ 
(Reproduced from 33rd . edn . of Gr te Anatomy, 1964. ) 
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some consideration when mechanical stimulation of the finger-
pads is occurring, as they can modify the mechanical properties 
of the neighbouring tissues. 
In addition to its function as a buffer between the 
organism and its environment, the skin is an important channel 
of communication with the external world; the entire body 
surface is subserved by an extensive system of receptors 
sensitive to mechanical and thermal stimuli. 
2:2 The Innervation of the Skin 
The innervation of the skin is performed by pseudo-
unipolar neurons of the dorsal root ganglia (or the Gasserian 
ganglion in the case of the face) whose axons extend into the 
spinal cord and centrifugally in fibre bundles to specific 
regions of skin (44,121). The region innervated by oells of 
a particular ganglion is known as the dermatome of that ganglion. 
The entire body surface is covered by the set of dermatomes, 
which overlap eaoh other (Fig 2) (96,97). The fibres branoh 
as they reach more peripheral regions, dividing and subdividing 
many time s • 
Beneath the epidermis, in the subpapillary dermis, the 
axons form a network of fibres and branche., the 8ubpapillary 
plexus, which almost oompletely underlies the human integument 
(87). From the plexus the axons branch further toward the 
No/t.-By comparinl both .. .In Ihe d~.ree uf overlappl", and th. area 01 ndu.IH luprh" 
of an, individual n.ne "'.~ h. "Iinlalt.!. S..., 1,.1 fur Ih~ T. I ar.a UII Ih. lrun~. 
lig ~ The outaneous areas supplied by the ventral 
rami of the thoracio and upper four luabar nerves. 
C After loerster). 
(Reproduoed tro. 33rd. edD •. of Gray' 8 Anatoay, 1964..) 
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surface, terminating in various types of 'end-organ' in the 
vicinity of the intertace of the epidermis and the dermis 
(Fig 3.) (8?). 
The density of end-organs is high, of the order of 
C 100 per sq. mm. (115), and their morphology depeqe partly 
upon the type of skin in which they are found, i.e. ~ether 
in hairy, glabrous (fingerpads, palms, lips and soles of feet) 
or mucous skin. Several forms of end-organ are observed, 
authors vary in their classifications and many transitional 
lao 
forms are described (115). Winkelmann (~) points out the 
underlying similarities and expresses the opinion that 
detailed categorisation ia unjustifiable. 
Three broad categories are, however, represented in 
each type of skinj-
i/ Free endings; these are myelinated ... unmyelinated 
fine arborisations found in the epidermis, dermal papillae and 
subpapillary dermis of all skin and in the deep fibrous 
structure beneath. The cornea of the eye i. entirely 
innervated by free endings, which can produce sensations of 
warmth, cold, touch and pain (114). 
ii/ ~anded tip.; the •• usually oocur in groups of 
ten to forty at highly branched endings. They are further 
classified as Merkel discs or Ruffini endings according to 
shape, the latter being found deeper, even in the deep fibrous 
Fig. 3/ 
............... / 
. - "' 
A diagrammatic vertical section of the epidermis and und rlying dermis aDd 
Ihe asso~i;lted nervI! endings in the hum. n fingertip. Two papillary rid/les (If. 
snown. Two weat gland (SG). re .I\Own in the d rmis. 'fheir OUQt IHoceed 
toward the skin surface and ent r the b. e of the inte~mediate epidermal 
ridge (JR). The coiJCll $\' -gland d.I.I< t prOg!: es .uP\ urd Ihr ugh the epi-
dermal stra ta and opens in the central portion of the papillary ridge. The 
epidermis extends most deeply into the dermis in the region of the intermediate 
ridge (J R). At the lateral edge of the papillary ridge is another epidermal ridge 
projecting into the dermis, the lim iting (LR) or anchoring ridge. The upward 
dermal projections between the intermediate and lateral ridges form the dermal 
papillae (DP). A dermal papilla is seen on each side of the intermediate ridge of 
the left papillary ridge. Dividing the papillary dermis transversely are septa 
(S) connecting the intermed iate and limiting ridges. Part ition may further 
subdivide the papill ae. 
Rumni endings (R) arc found in the dermis. Free nerve endings (I) arc 
encountered in the dermi , the d ml:11 papillae nnd th epidermis. 'KnlUse 
end-bulb (K) are u ually I :lted ju. t under th pidermi ' . Mei sner' c r-
flU c1e~ ( ur in th d rl\1:11 papillae. M rke1' dL /) r' closely as~oci­
:lted with the lowermost layer of cells of the epidermis in the region of the 
intermediate ridge (J R) anel the scpta (S). SPP is the subpapillary plexus. 
(Reproduced from Miller , Ralston and Kasahara (87). ) 
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structure (87). 
iii/ encapsulated endings; usually occurring in a 
connective tissue sheath. They are often classified as Krause 
end bulbs, Meissner corpuscles, Pacinian corpuscles and Golgi-
Mazzoni endings. The first three are found in hairy and 
glabrous skin. Pacinian corpuscles, which may nave up to 
forty layers of memarane, are found in the deeper tissues, the 
subpapillary dermis and the deep fibrous structure (87). 
Loewenstein and Skalak (81) have peeled successive 
layers from a single Pacinian corpuscle and found little change 
in performance of the receptor. Since such endings are less 
common in children under ten years and increa.e in number with 
age (115), it remains uncertain whether the encapsulation serves 
any very useful purpose, or whether it is the result of 
continual decay and regrowth. 
In addition to the.e endings, hairy skin possesses its 
own characteristic sense organs associated with hair roots. 
~ach root is surrounded by a basket of endings, which may be of 
expanded form (Fig 4 .• ). There are two syste. t the circular 
fibres which encircle the root and orthogonal to these, the 
I~J 
pallisade fibres which extend along it (87t96,44,115,~). 
is assumed that hair root fibres are mainly concerned with 
movements of the hair, which acts as a lever, increasing 
effective sensitivity. 
It 
Jig. 4/ 
A dia,rammatic vertical section of the hairy skin of the human elltremities 
showin, the relation of the nerve endinp to the epidermis and hair rollicles. 
Free nerve endin .. ( I) are seen terminatin, in the shallow dermal papillae 
or between the epidermal <:ells. The hair rollicle il innervated by both tbe 
rreely terminatin, tips of the branches of the circular (C) llben and the expan-
ded tips or the palisade (P) I1ben. The hair rollicle on the riaht shows some 
expanded tips associated with the circulu 6ben, an uncommon OCCumRCe. 
(Reproduoed tro. IIiller, RalatoD and baahara (87). ) 
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The receptive properties of the endings and the question 
of their specificity have been disputed for decades without 
resolving the issue.(?8). Some degree of specificity has been 
claimed for classification according to fibre size and type (26). 
There is no doubt that information is conveyed in a 
spatio-temporal pattern of impulses from the receptors, but the 
relative importance of spatial (equivalent to receptor 
specificity) and temporal factors remains undecided. Melzack 
and Wall (85) have reviewed the controversy and have postulated 
a compromise. They claim that a single fibre could encode 
different qualities (touch, warath etc.) into different temporal 
patterns of impulses which can be decoded and classified by 
higher orier cells. 
Each axon which tranaaits information to the central 
nervous system branches many times in the plexiform layer and 
at the end-organs. In the case of the rabbit, each axon 
branches to about twenty hairs, while each hair is innervated 
by two tc thirty axons (115). Maruhashi, Mizuguchi and Tasaki 
(83) have found receptive fields up to nine by five centimetres 
l .. _~ 
in the cat for peripheral axons of the ~ Ar.ett, Grq et 
al (5) conclude the number of fibre. innervating a pad to be 
about fitt;y. 
There is thus considerable overlap of the receptive 
fields, and probably similar overlap in Man. Bishop (22-24) 
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claims to have plotted receptive fields for fibres of the 
human forearm, and these do overlap. Localisation is possibly 
performed by identifying the intersection of receptiTe fields 
of axone stimulated. Such a system has the tail-safe property 
that failuremof one receptor does not result in ignorance ot 
the existence ot the stimulus, as would occur in the disjoint 
field case, only in decreased accuracy of localisation. 
On entering the spinal cord, all fibres diTide into 
ascending and descending branches, both of which distribute 
collate.als to cells in the dorsal grey column. The ascending 
branches travel rostrally up the dorsal columns to the gracile 
and cuneate nuclei of the medulla, where they are relayed. 
From these nuclei, fibres travel to the Tentrobasa1 nuclear 
complex ot the thalamus via the .e4ial leanisci where they are 
once more relayed betore reaching the 81 area ot the cortex. 
Some of the dorsal column fibres terainate below the medulla 
and are relayed. This pathway is aometimes referred to as 
the 'Dorsal Column Pathway'. (Fig. 5) (43,44,115,122). 
Many ot the second order cells of the spinal cord cross 
OTer to the opposite Tentral spinothalaaic tract (44,115>, up 
which they traTel, through the .edial leant.ci, to the 
Tentrobasal nuclei of the thalamus (27.44,115,122). This 
pathway will be referred to as the 'Lateral Column Pathway' 
(Fig. 6). 
TIle ,..... .• Slift ..... ' fir die ......... _ 11II1II ___ • 
lig. 5/ The Dorsal ColUD Pathway. 
(Reproduoed from 33rd. edn. ot Gray'. Anato.,., 1961t..) 
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Wall has pointed out the differences between the two 
pathways, fibres of the dorsal column are highly specific, 
while those of the dorsal horn cells are subject to wide 
convergence in both modality and spatial field. He suggests 
that the lateral column pathway, which is phylogenetically 
older, conveys the afferent information necessary for action, 
while the dorsal column path is for higher order control 
purposes, or deciding which action is to be brought about. 
Throughout the route from receptor to cortex via the 
dorsal columns, a one to one mapping is maintained (94), though 
there is evidence of some lateral inhibition. In a study of 
cortical responses to vibratory stiaulation of the skin, Dewaon 
(39) has ShO¥D that the area of cortex excited by two 
simultaneous point stimuli on the lip ot cat is the intersection 
of the areas which respond to the two st~uli separately. The 
one to one mapping thus breaks down for multiple point stimuli. 
Eccles (43) has shown that in the cuneate nucleus both 
pre- and post-synaptic inhibition exist., mediated by inter-
neurones, the former being dominant. There aay also be 
descending inhibition fro. the cortex. At the thalamus 
the inhibition is predominantly poat-synaptic. 
The dorsal horn cell. do not map so ne.t17. The 
convergence upon them is very great. Ar.ett, Gray et al (5) 
suggest there is mutual lateral excitation; Eccles (43) 
s .. ,...., H-.rJI 
...... 0/"".-__ 
--~~~ 
--____ ".,.,., ,.hr" "vir 
... 
The _ of the ftt.r. from the ",Ierior apinochalMnic tnct in the bnin _ la ~. 
The IeCtiIe fib,. trawl", in the paIteriar fIInicuIua ........ in ....... 
Jig. 6/ The .Lateral ColUJIIl Pathway. 
(Reproduoed trOll 33rd •• dn. of Gra.,y'1 Anatolq, 19~). 
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reports that even afferents from muscle (1b, 11 and Ill) give 
rise to presynaptic inhibition through interneuron.s in the 
spinal cord. Wall also claims there is evidence that these 
interneurons are subject to central control (private discussion). 
Adkins, Morse and Towe (1) have shown that stimulation 
of the pyramidal tract in cat causes changes in the receptive 
fields of dorsal horn cells, usually increasing but also 
occasionally decreasing the area. This, they claim, is cl~ear 
evidence of central control over second order cells. Araett, 
Gray et al (5) in experiments concerning the input/output 
function of first and second order neurons have shown that for 
low stimulation rates the second order cells behave very 
erratically, but for rates above 10 per sec. they become stable 
in their response. This is also taken as an indication that 
central control is occurring. 
From these observations, it i. clear that .nch 
processing ot the stimUlus intormation is occurring, even at 
the first relay. Th. interconnections are complex and so 
far it has not been possible to decide what form the processing 
takes. 
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2:3 The ~ffects of Stimulation 
The anatomical structure of the tactual system does 
indicate possible processes which may alter the pattern of 
impulses entering the central nervous system. 
Firstly, the properties of tissue in which receptors 
are emledded are of importance. The site of th. receptor may 
well determine the types of disturbance which reach it, so that 
different events would be signalled by similar end-organs in 
different 10catioDS. The mechanical properties of tissue 
preclude any trulynpunctate stimulation; meohanioal and 
electrical stimuli diffuse over a finite area. Whether it is 
possible to excite axons individually is unoertain, but in view 
of the ramifications and ent~glement of the branches and the 
high density of the end-organs it would appear unlikely. 
Tissue does not behave either as an elastic solid nor 
as a container of fluid, but as aoaething between the two. 
When pressure is applied there is an initial deformation, 
followed by a flow lasting some eeconds. N.fe and Wagoner 
(91) measured the movementa of tissue and found that sensation 
only occurred during the motion. When the tiasue became 
static the aensation had di.appeared, indicating that the 
receptora may respond mo.t readily to rates of change. It ia 
well-known that a steady stiaulus on the akin se... to d1. away 
within a few seconds, In general, the reoeptors of the tactual 
system adapt with time courses which may be from a fraction of 
-14-
a second to many seconds for a steady mechanical pressure. 
Loewenetein and Skalak (81) in their investigation of the 
Pacinian corpuscle, found a large transient response which 
decayed to a much smaller steady-state response in a few 
milliseconds. A transient response also appeared when 
pressure was released. They state that the adaptation is 
entirely explicable by mechanical adaptation of the 
encapsulation. 
Werner and Mountcastle (116) have determined the 
function relating total number of impUlses constituting the 
response to the indentation of the akin. They found that 
response is approximately proportional to the square root of 
indentation. 
Under mechanical stimulation, travelling wawes are 
produced on the surface of the skin (12). These aay be 
aeveral wavelengths long, encircling the forearm, pos8ibl, 
stimulating a large area of akin, but are well-damped on the 
fingerpad. 
Fuller aad Gra;y (49) have co.pared exper:i.aental and 
theoretical responses ofaxons for punctate aechanical stimuli. 
The theoreticll results assume the presence of such travelling 
waves and aaplitude threaholds for the receptor.; the;y predict 
qualitatively and approxiaately quantitatively the spatio-
teaporal pattern of impuls •• excited by a brief stiaulu •• 
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The effect of travelling waves is to increase the 
spatial area of stimulation, thus firing more receptor. and 
possibl, providing more information to the central nervous 
system. ~ectrical stimuli do not set up mechanical waves 
but the spreading of current as it passes through the outer 
resistive layers to the inner, more conductive layers occurs 
and is another possible source of multi-axonal excitation. 
It is not known whether the waves assist localisation or 
whether they produce masking. 
During the encoding at the receptors, temporal structur-
ing ot the pul.e. may occur. For • single receptor, the 
refractory period limits the te.poral resolution that is 
possible and the rate of transmission of information.(42,106). 
Uttal (107,108) has found trom electrophysiological recordings 
from the peripheral fibres that the re.ponse to the second 
pulse of a pair ot electrical .t~li decreases .. the time 
interval is reduced below a tew ailli.econd., indicating 
refractory st.tes for increasing number. ot the afterent axons. 
The relative refractory period also gives rise to the 
pheno.enon of phase-locking. Mountcaatle et al (89), 
recording .ingle unit response. ot receptor. to .eohan1cal 
vibration has ob.erved phase-locking of the t.pulse. to the 
stiBulu. when the frequency of vibration i. co.parable with the 
rate of firing of the cell. 
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Since each axon terminates in several receptors, there 
may be constructive or destructive interactions - in the forms 
of generator potential facilitation and refractory period 
inhibition, respectively. Further, interactions may exist 
between adjacent fibres, axons in the plexus or in nerve 
bundles, causing facilitation or synchronisation of impulses 
(85). 
There is no synaptic interaction involved until the 
spinal cora is reached, where reflex arcs may occur, together 
with central control of the sensory afferents aDd synaptic 
processing of the information before it reaches the higher 
centres. 
Behavioural ~eriments 
In anl consideration of the tactual slstem it is 
difficult to draw dividing line. between aspects ot its 
function. In particular, spatial and te.poral factors cannot 
easily be .eparated, for thel interact extensivell. 
2:4 Temporal Factors 
The innate properties of aeural fibre. liait the 
maximua rate at .n1ch information can be tra··.itt.d to the 
higher centres. uttal (107,108), using electrical pulse 
stimulation and recording from the ulnar nerTe the mas. action 
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potential has observed that if the interVal between two 
successive pulses is reduced to the order of a few milliseconds 
then both the amplitude of the neural response to the second ,. 
pulse and the intensity of the sensati'n are reduce. together. 
Uttal puts forward the theory that the total number of fibres 
firing~S what determines the aaiDitude of sensation. 
Rosner (95) has reviewed the evidence for a similar 
phenomenon with a much longer time course. The presence of 
a stimulus at one locus raises the threshold for d.t.ction of 
a s.cond stimulus at another locus. Th. el.vated threshold 
persists for about 40 milliseconds aft.r the masking stiaulus. 
The question of what constitut.s the threshold for 
sensation has been consider.d by Bourassa and Swett (,,). Cats 
were *onditioned to respond to dir.ct el.ctrical stimulation of 
a peripheral nerve and hence the threshold intensity of the 
stimulus for behavioural response could be determined. It was 
.ound that the threshold was approximately the same as that 
for eliciting a neural response. Measure.ents with cortical 
surface electrodes indicated that the threshold for measurable 
cortical response was about the same int.nait1. The conclusion 
4rawn by Bourassa and Swett is that threshold for conscious 
sensation i. approximately the .... a. that for .xciting a single 
axon. 
For el.ctrical pulses up to about 10 milli.econds lons, 
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it is known that there is a trading relation between duration 
and threshold amplitude (70,6Q62,63,34). Barrow (10) has 
suggested that this is largely a property of the tissue, which 
acts as a charge integrator. 
It appears that integration also occurs for mechanical 
stimuli, but with a much longer time course, of the order of 
20OmS. Zwislocki (123) has put forward a theory of temporal 
auditory summation involving a time constant of about 200mS. 
Verillo (112) has found that the theory is applicable to the 
tactual system for vibratory stimUlation with contactors of 
2 2 
more than 3cm. For small contactors, less than 0.01c. , no 
summation occurs. 
More evidence tor temporal summation comes from 
Berglund et al (20) who have used subjective magnitude 
estimation to determine the dependence ot sensation intensity 
upon duration of a vibratory stimulus. They find that 
sensation increases up to about 200-1200mB and then remains 
constant. 
A well-known phenomenon is the adaptation ot the 
tactual system; some seconmatter steady stimulation has 
commenced, sensation is greatly diminished and may even 
disappear (59). Thi. can largely be explained by the 
adaptation of the receptors. Because they respond mainly 
to changes, the rate ot onset of the stimulUS i. of iaportance. 
Von Frey (32) found that the pressure threshold varied inverael7 
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as the rate of app~ication. 
Long-term adaptation can also occur; Hahn (72) has 
plotted its time course over a period of 36 minutes. It appears 
to proceed rapidly tor the first two minute. or so and thereafter 
to continue aore slowly, but with no sign of ceasing. 
The temporal resolution of the taotual s1ste. has been 
determined by Gescheider (57,58), using two aucce •• ive 'clicka'. 
He finds the skin to be an order of aagnitude worse than the 
ear at such tasks, reqUiring about 10mS delay to resolVe two 
clicks of equal intensity, 35dB above threshold. Decreasing 
the intensity of both clicks fro. 35dB to 10dB iapairs resolution 
from 10mS to 50mB. Decreasing the intenaity ot either click 
relative to the other is also found to impair re.olution, 3ams 
delay being necessary when one cli~ is re4uced by 15dB tro. 
35dB above threshold. Geacheider found little ditterence in 
performance of a single tinger tip, two ipsilateral tinger tips 
or two contralateral fingertips. 
The threshold tor vibration a. a funotion of frequency 
has been determined by aany inveatigators. It is usually 
deaoribed as a U-ahaped ourve with a .d_1-.. at about 250Ba 
(111). Sherrick haa found that this treque.cy 001&c14e. 
approxiaately .tth that tor aix1mua .echanical lapedance of the 
tissue, poaaibly indicatiag a .eohanioal ezplanati •• tor th. 
threehold tunotion (71). 
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Geldard disputes the traditional result (51). He 
obtains different curves for sensitive and insensitive spots on 
the wrist, using point contact stimuli. 
Mountcast~e et al (89), comparing single unit recordings 
from monkey and psychophysical threshold data in Man, deduce 
that the threshold function below 300Hz has two regions, due to 
the existence of two sets of receptors. Frequency sensitivity 
in the range 50-300Hz is possibly due to Pacinian corpu.clea, 
while the dermal ridge innervation may be responsible for the 
low frequency region. 
Van Beke81 (14,16) has suggested that rec.ptors may 
fire in volleys synchronised to the rat. of vibration; 
Mountcastle et al (89) have obs.rv.d the phase-locking of 
the response of a single receptor to the stimulu •• 
Complicated temporal patt.rns have Dot be.n .tudi.d 
in much detail. 
Uttal and Erissof (110) have tound that tor the 
c(.~~ 
d.tection of a gap in aypulee train, a gap of about 25mB 
long.r than the interpulse int.rval is n.c.ssary- Thi. tta. 
is independent of intensity and larg.ly so of number of pul ••• 
and position in the train_ 
So.. att.mpts have b.en .... to pre •• nt speeoh to the 
tactual system, either .lectrioally (4) or .ecAan1oal17 (2) ~ut 
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these have met with little success. The tactual system does 
not appear to be capable of dealing adequately with a speech 
waveform directly. 
Very long term phenomena have been described by Melzack 
and ~isenburg (84). An after-sensation, to which they refer 
as an 'afterglow', persists after momentary stimulation, 
fluctuating in intensity and lasting perhaps 20 minutes. This 
is unlikely to be a phenomenon of the peripheral innervation 
and is probably central in origin. 
2:5 Spatial Factors 
The more elementary spatial properties ot the skin have 
been determined repeatedly by many investigators; the early 
experiments are linked with the development ot adequate 
psychophysical methods, and are coamonly recounted in psychology 
text-booka (32,121). They are generally e.aier to perform 
than those upon temporal properties. 
When point atimuli are used, the senaitivity ot the 
akin is found to be variable over a •• all region, with 
sensitive and inaensitive apota, the 8cale depending upon the 
density ot innervation ot the region (32,121). ~ch aodalitl. 
touch, heat, cold and pain, appears to have ita own diatribution. 
Von Frey in 1895 propoaed that with each type ot apot vas 
associated a particular end-organ. FUrther, he claiaed that 
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a vibrating bristle or a constant voltage applied to a 
sensitive spot elicited the sensation to which the spot was 
specific. Intensive investigations have been made repeatedly 
in an effort to locate the end-or,ans under sensitive spots 
No correlation has been found. 
Geldard (51) has made a long-term study of the stability 
of the sensitive spots. He found that after a year the 
distribution had changed; new spots had appeared and old ones 
had disappeared. 
The punctiform nature of Touch is not in doubt. but 
its cause is. 
The ability to localise a stimulus has been well 
studied (32). Howell (76) and Geldard (;2-;4) consider bodily 
locus to be a good parameter to incorporate in a tactile code. 
They propose a small number of vibrators to be affixed to the 
body. spread over a large area. Determination of the site of 
stimulation is relatively easy for the aubject • 
. '''''~ An often-used aeasure of the •••• i.'~.' ot a bod7 
region is the two-point threshold; the subject must deteraine 
whether he is being stimulated by a single point or by two 
separated by a small distance. The miniaua .eparation he can 
detect is known as the two-point threshold (32). Goll1l1icld. 
and Zangwill (65) have produced aD homunculus b .. ed on extensiTe 
two-point threshold .easure.ents oyer the entire bo41 aurtaoe. 
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~~ s ...... t-~ " .... '.rf:-~......J. ~ It asPee. q~{~e weLl with that produced by Penfield based upon 
the areas of cortex to which unit areas of skin map. 
The error of localisation is slightly greater than the 
two-point threshold.(32). 
Such investigations have shown that not only does the 
sensitivity or acuity vary over the body (the extremities are 
the more sensitive regions, while the chest and the back are 
the least), but the sensitivity at a point may be anisotropic. 
-...,. - ,..~.... f:~c...(J 
In particular, the '8,81 •• iea across the fingerpad is about 1.2 
~ .. (( ..... 
times .e •••• than that along it (65). Neurophysiological 
evidence (66) supports this by showing that individual receptive 
fields of fibres are elongated along the digit. 
If we now consider stimuli which have a finite area, we 
find evidence of spatial interactions. Verillo (111) has 
studied the effect of contactor area upon threshold for vibration. 
He finds that sensitivity is proportional to area at a given 
frequency, rising by 3dB on doubling the area. There also 
appears to be a minUUIl sensitivity, which KerUlo takes to 
imply the existence of two populations ot receptors, in 
agreement with Mountcastle et al (89) to some extent. 
Further evidence for spatial summation comes fro. 
Foley and Dewis (45) who have found that for veriier acuity, 
accuracy depends upon the diaaeter ot the roda, iaproTing aa 
the diameter increases. They have Dot investigated the effect 
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of rod length. 
Franzen (48) has investigated summation for electrical 
stimulation of the fingers. He has made recordings of the 
whole nerve response to stimul.tion of several fingers and finds 
a linear law; the area under the curve recorded for simultaneous 
stimulation of two digits i. the sum of the areas under the 
curves for stimulation of the digits singly. 
He also finds that a power law relates the intensity 
of the stimUlus to the sensation magnitude, as has been found 
by others for other forms of stimulation. However, Franzen 
reports that sensation magnitudes obey a vectorial summation 
law; i.e. If stimulating two di.gits singly gives rise to sen ... tion 
magnitudes 8 1 and s2 ' then the resulting aensation magnitude, S, 
from stimulation of both digits st.ultaneously is given by:-
• 
Inhibition as well as suamation phenomena are also 
observed. Von Bekes1 (13,17,19) records that when sensation 
is observed for static two point stimuli, it is found to be 
markedly reduced wben separation i. just resolvable. Be 
attributes this to mutual inhibition ot the responses to the 
stimuli, indicative of a lateral inhibition process .iailar to 
that described by Hartline aDd Ratlitf (74.9'> iD the .Y. of 
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Limulus. The existence of such a process in the tactual 
system is supported by ~ccles (43) and Dewson (39). 
Theoretical considerations of lateral inhibition lead to the 
prediction of .~ch bands and their analogues in other modalities 
(31,21) such as the enhancement of contours and suppression of 
signals from homogeneous regions. 
Inhibition has widespread effects; the presence ot 
a stimulus on one part of the body can attect greatly the 
perception of a second stimulus at another, quite ditterent 
part. This effect is probably central in origin. 
Several experimenters have been concerned with the 
design ot coding systems based upon several electrodes or 
vibrators distributed ower the body <3,35,}6,56). The 
universal conclusion i. that -.. aore st~li that are applied 
simultaneously, the greater the re.pon.e errors that aay occur. 
The distinguishability of two patterns depend. upon the number 
of sites stimulated and the number of sites the patterns have 
in common (56). 
Uttal (109) has found, using the tingers as site. of 
stimulation, that the further apart the loci, the less the 
• masking' interaction.ot the stiauli. 
Sherrick (101) has studied the tia. course of the 
masking. Be finds it to be greatest when the st~uli are 
simultaneous, falling off with delay until about 20-4o.s. 
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2:6 Spatio-Te.poral Faotors 
Spatio-temporal interactions have already been 
mentioned in the descriptions of studies of purely spatial 
and purely temporal phenomena. However, so.e investigations 
have been made ot situations in which space and tiae are 
intimately concerned. 
Von Bekesy, in a series ot experiments investigating 
the similarities between the slin and the cochlea (12-18), has 
found that brief meohanical stimuli of bread area el1cit the 
sensation of a much smaller st1aulus, while tor longer 
durations the sensation increases in area. 
Czermak (32) in 1855 noted that two-point thresholds 
for successive stimuli were smaller than those for simultaneous 
stimuli. This ha. been studied further b7 Wieland (118). 
Measuring the time interval required for discr1m1nation of two 
successive electrical pul.e. at different site. fro. a single 
puls., she finds the interval dependent upon apatial .eparation 
with a law of the form:-
log T • a - b.D 
Where T i. the temporal separatioD req_ired for diacri.taation. 
D i. the spatial ae~ation of the two loci, a and b are 
constants. 
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The tactual ,~etfect, in which successive brie. stimuli 
at two locations produces the illusion of a moving single 
stimulus, has been known for many years. Burtt (32) confirmed 
Korte's laws and Whitchurch (117) has determined optimal 
durations and intervals. More recently, Sumby (103) and 
P'-l. Gibson (61,64) have also investigated tactual I-effect for 
vibratory and electrical stimuli respectively. Suaby 
SUbstantiates the older results, while Gibson finds that for 
intervals between onsets of 20mS to 150mS the effectiveness of 
perceived movement is independent of interval (contrary to 
Korte's laws). Possibly this i8 evidence of the importance 
ot travelling waves on the skin. 
2:7 Pattern Recognition and Discriaination 
Several attempts have been made to devise ooding schemes 
for the transmission of intormation through the akin, and have 
met with varying degrees ot success. Geldard (52-54) propo.ed 
a code based upon five locations, three inteaaitie. and three 
duration. of a vibratory stimulus tor the letter. ot the 
alphabet. He achitved a traDs.ission rate ot ,s worda per 
minute. Blias (28,29) has produced a tactile-kinaesthei1c 
code which causes the tingeato aove in the directions they 
would in normal typing. Thi. has acheiTed • tran •• is.ioD 
rate ot only 15 v.p... BUaa aDd Crane (,0) hay. us •• an 
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array of 12x8 air jets to present embossed versions of normal 
printed capitals, with a transmission rate of 30 w.p.m. 
These figures do not compare very favourably with 
Braille (60 v.p.m.), auditory Morse code (75 v.p.m.) and 
certainly not with spoken reading of visual text (250 w.p.m.) 
nor sight reading (up to 500 w.p.m.) (69). 
Various attempts have also been made to determine the 
'channel capacity' of the tactual syste., in the sense of 
Garner and Hake (50,6,90). Miller (86) has presented the 
general theory that each dimension of a stimulus can only 
convey 2 or 3 biuof information. This has been found to be 
substantially true for several parameters in different modalitie. 
Using an array of six poke probes, Lynch (82) has endeavoured to 
determine transmission rates iD bits per second as a function of 
the number of patterns in the set. Be finds transmission rate 
increases with the number of patterns in the set, but not 
linearly. 
It is generally found that as the number ot dimensions 
(parameters of stimulus) is increased, the transmission rate 
also increases but less rapidly (41); the dimensions 40 not 
appear to be truly orthogonal as tar as the tactual system is 
concerned. Foulke, Coates and Alluisi (46) have studied 
various parameters and their usefulness as parameters of a 
coding schem., including locus, intensity and duration. 
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found highest information transmission rate for a code based 
upon four loci and two intensities. 
Foulke and Warm (47) have investigated static dot array 
patterns, finding that accuracy falls with increasing complexity 
(array size), while the use of redundant metric (histogram-like) 
figures Joes not improve accuracy. 
In addition to the question of the passive performance 
of the tactual system, it appears that perception may be 
markedly affected by action. J.J. Gibson (59) has shown that 
recognition of objects by touch is improved if the subjects are 
allowed to make VOluntary movements. Irom 29% accuracy, the 
score can be improved to 95%. Karp (77) has taken th.se 
investigations further. He has compared placing of the stimulua 
on the skin, movement by the experimenter of the stimulus and 
movement of the stimulus by the subject. ne obtains 63%, 54% 
t.r"·~s 
and 32% ••••• a.~ r.spectively for the three oonditione. Bau.r 
(11) has performed similar experim.nts with a variety of surface 
textures as stimuli and reached similar oonclusiions. There 
is little doubt that active exploration of the environment by 
the subj.ct yields much more information to him than passive 
observing. Any blind aid should necessarily allow the user 
to explore under voluntary control. 
2:8 Summary 
The neurophysiological picture is one of overlapping 
receptive fields of peripheral and central cells, a many-many 
mapping of points on the skin to points on the cortex. 
There is also a possibility that two systems of innervation 
exist, conveying different forms of information. There is 
. fI"'~LCA4.t... ... l, ~ ... "i.(,.it-t."" 
interactio~/at all levels of the nervous system as well as 
control of afferent information by the higher regions. 
The behavioural experiments described in this chapter 
map out some of the general processes performed by the tactual 
system. There is evidence for adaptation, spatial and 
temporal summation and lateral inhibition. Space and Time 
are found to interact on the skin to a great extent and in 
many circumstances cannot be considered separately. 
CHAPTER 3 
BACKGROUND TO THE ~XPERI~mNTS 
3:1 Introduction 
The field of investigation described in this thesis 
was delimited by the underlying intended application of the 
results to a tactile communication syste.. In particular, 
the main long-term aim was the construction of a mobility aid 
for the blind. To use such a device most effectively. the 
subject must be able to actively explore the environment. 
A natural region of the body to which information 
oan be presented is the fingerpad. The fingers are innately 
used in tactual exploration; they are extre.ely mobile and 
poaess high density innervation for fine detail discrimination. 
The fingere are well practised in suoh tasks and are oapable of 
a high standard of performance, e.g. in reading Braille print. 
It is therefore from a study of the finger pad that mo.t benefit 
would be derived. There is al.o the important factor that 
it is a region easily accessible to the experimenter, requiring 
no special preparation. 
The immediate aim of the research was to determine 
some of the factors used by the observer when he aakes 
discriminations with hi. sense of Touch, and to try to discover 
some of the mechanisms by which such disoriainations are 
performed. It was therefore necessary to pre.ent patterned 
stimuli to the subjeot and it was decided to u.e an array ot 
atimulators to do this. 
-32-
Various investigators have used multiple stimulator 
arrays. Brown et al (34-36) have employed arrays of electrodes 
on thetabdomen. Geldard and Sherrick (56) have used ten 
vibrators distributed over the entire body. Starkiewicz and 
Kuliszewski (102) have applied an array ot eighty electrodes to 
the forehead, but with little success. Eiperiments most 
closely related to the present study have been performed by 
Bliss et al (30,80) with a 12%8 array of airjets or piezo-
electric transducers. 
Such stimulator arrays possess the advantage of being 
capable of displaying a very large number ovf different types 
"-.../ 
of pattern. They are therefore likely to be used in ~ 
general-purpose tactile communication system. 
The technique employed iD the experiments of this thesis 
was a method of comparisons. By asking a subject to 
discriminate between two patterns repeatedly and recording the 
number of mistakes he makes it is possible to arrive at a 
measure of the 8ubjective similarity of the patterns. Having 
carried out a large number ot such co.parisons tor a large set 
of patterns, it should be possible to discover which f.atures 
of the patterns are important in such tasks. Patterns which 
are diacriminable will indicate which paraaetera are being used 
in the discrimination, while patterns which are confused aaJ 
indicate which feature. are ig.nored. 
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One possible approach to the problem is similar to 
that of Shepard (99,100). In this a very lar8e number of 
patterns is chosen, preferably all possible patterns, and the 
measure of subjective similarity is determined for all possible 
pairs. Shepard's technique is then to attempt to position 
points representing the patterns in a multi-dimensional space 
so that the distance between a pair of points is proportional 
to the dissimilarity between the patterns corresponding to them. 
By an iterative process it is possible to obtain an estimate of 
the minimum number of dimensions the space must have, and also 
to determine what the dimensions may be, showing which features 
of the patterns are important for discriminations. The main 
advantages of such a technique are that nothing is assumed a 
priori about the methods of discrimination, they should become 
clea~ a posteriori, in the analysis. 
Necessarily in an investigation of pattern discrimination 
a great many patterns may be employed and an even greater number 
of comparisons may be made, indeed a practically infinite number. 
In order to progress at all, the set of patterns must be 
restricted; the experimenter is required to choose which 
comparisons are to be made and to exercise a large degree ot 
judgement and control, based to some extent upon the results of 
earlier trials. A possible strategy is to endeavour to study 
one factor at a time. This is the strategy that was emplo~ed in 
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most of the experiments of this thesis. 
Despite such pruning of the possible combinations of 
patterns to be studied, there still remains a large number of 
experiments to be performed. All the experiments described 
in this thesis have been performed upon the author. Further 
trials have been made with a small number of other subjects 
where the results have been sufficiently unusual to warrant 
adequate confirmation. It has thus been possible to study a 
wide range of effects and the measurements made can be compared 
quantitatively with each other, free from possible differences 
due to different groups of subjects. In addition, qualitative 
observations have been made by the experimenter which assisted 
in tightening controls, forming hypotheses and setting the 
course of experimentation. 
The stimul~tor used in most of the experiments was an 
array of 35 solenoid-operated pins in a 5x7 rectangular order. 
The spacing of the pins could be varied by changing the top 
guide plate, through which the pins passed. The solenoids 
were driven by 35 valve amplifiers and could be operated 
independently, enabling one of 235 patterns to be presented at 
any given moment. 
The electro-mechanical array was used for most of the 
experiments. However, for some purposes electrical stimuli 
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were preferable. A controlled-current stimulator, described 
and constructed by Barrow (10) was also used to provide a 
single channel electrical stimulus when required. 
There remained the problem of control of the stimulator. 
The primary requirement of the apparatus is that i* should be 
capable of displaying spatio-temporal patterns of some complexity. 
This could be realised by a system of timers which could be 
preprogrammed, wired up in sequence to the appropriate channels 
of the tactile display. To set up a number of patterns would 
either require very many timers and programming board~ or some 
higher logic system which could store parameters of the patterns 
and feed these to timers in sequence. 
The second necessity is that the equipment should be 
capable of choosing patterns to be presented in a p •• udo-random 
manner so that the subject cannot learn the sequence, even over 
hundreds of experiments. The choosing deTice should be 
integrated into a system which will choose, present the patterns 
and then record the subject's response. Ideally, a protocol of 
presented patterns, subject's responses and possibly reaction 
times should be recorded SO that analysis at a future stage 
can be performed in a different manner to that originally 
intended, should the need arise. Recording of the results 
would require extensive apparatus to eliminate human recording 
errors and to prevent the overall experimental time becoming 
excessively long. Automatic recording would enable the 
experimenter to be the principal subject and hence secure the 
services of an unpaid but highly practices observer over a 
long period of time. 
The PDP-B computer in the Department was available 
with output peripherals which could easily be coupled to the 
display equipment and push buttons for recording the subject's 
responses. Being a digital computer, it contained a stored 
program and space for a great deal of data. It therefore 
seemed best to write a program to control the experiment and 
use the available hours of computing time to run the trials, 
rather than to spend considerable time at considerable expense 
in producing a special purpose piece of apparatus which would 
not be as flexible as the program, nor as simple and quick to 
use. 
It was decided that a general-purpose program should 
be written for the Digital ~qu1pment PDP-B computer to run 
psychophysical experiments on-line. The experiments to be 
performed would be orientated towards a broad study of 
discriminations of spatio-temporal patterns presented to the 
fingerpad. 
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3:2 Description of Apparatus 
The tactile display system was centred on an electro-
mechanical stimulator array, adapted by Dr. J. P. Wilson. It 
had as its basis an I.e.T. printhead, intended for printing 
characters at the top of punched cards. Thirty-five 'solenoid-
operated rods are arranged in a 5x7 rectangular array, normally 
about 3x5mm in the original form, but they can be spread out by 
replacing the top guide plate up to 12mm x 8mm quite readily. 
J!;nergising the solenoids raises the rods by about 0.050". 
This can be reduced by raising the guide plate. The printhead 
has been modified by fitting a m1c~oscope focussing rack and 
pinion to the guide plate to enable simultaneous adjustment of 
amplitude to be made for all channel.. (Fig. 7) 
A number of guide Plate1have been made with various 
spacings of holes 'or the rods; 2mm. and 1mm square arrays 
and anisotropic plates with 1mm. spacing in one direction and 
2mm. in the other. In all the experiments to be described 
here the 2mm. x 2mm. spacing was used, with the pins riaing 
by 0.010" (250 microns) above the guide plate. A single pin 
stimulus of this amplitude is invariab~ supra-threshold. 
The solenoids require a.out 100mA to pull them on and 
30mA thereafter to hold on. AS they have a resistance of 
about 1000 ohms, this necessitates a supply voltage of at leajt 
100V. The solenoids are powered by 35 valve amplifiers, 
Fig . 71 The electro-mechanical pin arr • T 0 op~rating 
solenoids are arranged in a ring at the bottom. 
Tho rodo rire t hrou h the top guide plate , th hoi oht 
of whioh may be adjusted vlth t he knvb at the right . 
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(Fig. 8) consisting of a double-triose long-tailed pair with~ 
differential input, D.C. coupled to a pentode output stage. 
The circuit has been modified from its original form, which 
maintained holding currents of 100mA and consequently 
dissipations of about 10W in each solenoid, more than they can 
withstand for long periods. A resistor and condenser in 
parallel were inserted in series with each coil to provide the 
necessary transient 10OmA, which then decays to 30mA, and a 
dissipation of only 1W. A speed-up capacitor was also 
eonnected across the inter-stage D.C. coupling to enhance 
transients, together with a neon to provide fast recovery. 
Each channel has differential inputs which require 
about 24v swing to drive the output from cut-off to bottomed 
state. Normally, one se~ of grids is held at 5V positive 
to ensure that all channels are cut off. The other grids 
are driven positive by a 24Y output from the computer to 
bottom the output stages and turn on the solenoids reliably. 
For the purposes of specif,ing patterns and referring 
to single pins, the 35 rods have been assigned labels. 
Looking above the platform, with the array in the normal 
orientation, the columns are labelled from left to right A to ~ 
and the rows from top to bottom from 1 to 7. 
be specified as A1, C5, D7 etc. 
Thus any pin can 
The electrical stimulator has been described elsewhere 
(10) and consists of a two-stage valve circuit with current 
____ ~--~------------------------~----~-~~250V 
Ik 
6Sk 
7·5k 
ISk 
15k 
120k 
- 250V 
ECC83 PL 83 
Fig. 8/ Cirouit diagram of' one of' the driver amplifiers of' 
the eleotro-meohanioal stimulator. 
Return 
______ ~--4-----------------~~-------+250V 
IM 
ECC 83 PL81 
Output 
~-O 
- 250 V 
Fig. 9/ Circuit diagram of' the oontrolled-ourrent eleotrioal 
stimulator. 
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feedback via the earth return (Fig. 9). It can deliver 
currents controlled by a voltage waveform of up to ~ 5mA, 
with voltages up to + 200V. The electrode used is concentric 
in form. A large ground plate forms the indifferent electrode 
~s. The active electrode,1mm dia./1n the centre of a hole 4mm dia. 
in the ground plate. The rest of the hole is filled with 
insulator, so that the surface of the device is flat. 
The stimulators are connected to the PDP-8 computer 
through an output register and a multiplexer. The output 
register is simply a 12-bit register, loadable and clearable 
under program control, which can drive 12 digital lines. The 
multiplexer was designed to receive data from a high speed 
paper tape reader and thus accepts 5 bits of data from the 
register (plus a sixth bit, representing sprocket holes), 
ignoring the rest. Twelve successive 5-bit bytes are accepted 
from the register and are stored in a 60-bit core store in the 
multiplexer. On receipt of a thirteenth byte (all bits of this 
must be .. ~) the states of the 60 cores are simultaneously 
transferred to 60 avalanche transistors, which maintain their 
states while another set of data is read into the core .tores. 
The action of the multiplexer is thus to read 12 successive 
5-bit bytes and then to output the 60 individual bits 
simultnneoualy, on command. 
Thirty-five of the outputs are connected to the tactile 
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display. The minimum time in which loading can be accomplished 
is 2.6mS and this is the limiting rate at which patterns can be 
changed. 
The output register has been modified to facilitate 
autonomic loading of the multiplexer. Two monostables and a 
bistable have been connected so that when the load instruction 
is executed, the I/O register is loaded, it waits 100 micro-
seconds, clears itself, waits a further 100 microseconds and 
then switches the bist.ble to interrup~ the computer. Another 
load is then loaded into the register. In this way, the 
thirteen bytes can be transferred in 2.6m.S. all timings of 
the loading are thus performed automatically, enabling the 
central processor to perform more important functions. 
Timings of the pattern display are performed by a 
real-time clock, which interrupts the central processor every 
O.,5mS. Timings are thus not dependent upon computation. 
3:3 Tests of the Apparatus 
The bias of the output pentode of each channel of the 
tactile display was adjusted with the potentiometer so that a 
step input would pull the solenoid on and hold it on until an 
off-going step. It was found that, if all the channels were 
turned on together, some failed to hold on, even after the 
adjustments had been made. This was cured by slightly reducing 
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the bias voltage. 
Tests were made of the delays involved in the operation 
of the solenoids. ~ach channel was tested individually by 
applying a 24v, 5mB pulse to the input. The response of the 
pin was monitored by placing a small metal plate on the 
platform of the stimulator, under pressure from a rubber band, 
connected in series with a battery and a large resistor earthed 
to the stimulator body. The voltage across the resistor was 
observed on an oscilloscope. rilien the pin rose and contacted 
the plate, the circuit was co.pleted and a deflection observed. 
Similarly, when the pin fell, the loss of contact could be 
seen. Some bounce waS detected on the leading edge and so the 
first contact was taken to be the mechanical onset. The onset 
delay was found to be very stable for an individual pin, and to 
range between 2 and 4 mS over the set of pins. The off-going 
delay was less reliable, but ranged between 0.5 and }MS. 
There was little correlation between onset and offset delays. 
vurations were found to be between 2.5mS less and o.4mS more than 
the applied pulse. In the succeeding experiments, where 
relative timings were important, the pins used were chosen to 
have similar onset delays and to decrease durations by less than 
The mechanical performance of a single pin (C3) was 
studied in detail. a pulse generator was used to drive the 
runplifier, either on from the off state, or vice versa, at 
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about 50Hz with pulses of 2.5mS or 5.Oms duration. The 
prepulse from the generator was used to trigger a second pulse 
generator which, after a variable delay, produced a 200 micro-
second pulse to fire a Strobosun strobe lamp. Thus, by 
setting the delay, the pin could be observed at any point in 
its motion, and its behaviour noted. The moment of operation 
of the strobe lamp was determined by observing the drive and 
strobe pulses on a Tektronix 525A oscilloscope, and using the 
delay potentiometer to determine the relative t~ing of the 
leading edge of the drive pulse and the middle of the strobe 
pulse. The hlight of the pin, expressed as a fraction of its 
maximum, was estimated by eye. Graphs of the pin position at 
various times were plotted for positive and negative pulses of 
2.5mS and 5.OmS duration (Fig. 10). 
It will be seen that there is a delay of commencement 
of motion, about 1.5mS for an on-going edge and about 2.OmS for 
an off-going edge, for the longer pulses. The motion lasts 
about 2mB when the pin is rising, and about 2.5mS when it is 
falling. For short pulses, the on and off edges are not 
independent; for the on-going pulse, full excursion is ach~ved 
but the response motion is of minimum possible duration; for the 
off-going pulse, the pin does not fall off fully before it is 
pulled on again. Thus an off-going pulse of 2.5mS duration 
results in a motion of only about 60% of full amplitude. Pulses 
J l,-------, 
§I 2.5m3, on-going. b/ 2.5m3, off-going. 
1 l'----_ 
0/ 5.0mS, on-going. q/ 5.0mB, off-going. 
Fig. 10/ Meohanioal action of pin 03 in response to an eleotrical 
pulse applied to the drive amplifier. Upper ourve 1s the displacement 
of the pin, estimated by eye with strobo8oopio illumination. Lower 
ourve is the applied eleotrioal pulse. 
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of 3mS or longer do reach full excursion. It is also to be 
noted that bouncing occurs, mainly after an on-going edge. 
The amplitude of bounce is about 25% of full excursion for an 
unloaded pin and duration is a.out 1.5mS. 
only one cycle. 
It appears to last 
This study of the operation of a pin was taken further 
by applying double pulses of 2.5mS separated by 2.5mS, and 
5.OmS pulses separated by 5.0mS, of both polarities. Pulses 
of 5.0mS duration, of both polarities are output adequately 
even when the pin is loaded by the application of a finger. 
Similarly for on-going pulse pairs of 2.5mB duration. However, 
when an off-going pair of 2.5mS pulses is applied, the first 
pulse only produces a pin excursion of about 60% while the 
second is of full amplitude. When the pin is loaded by a 
finger, the two pulses become almost a single, long pulse with 
a small deflection in the middle of about 30% full amplitude. 
The main conclusion to be drawn from these observations 
is that pins cannot operate with pulses shorter than 2.5mS, and 
even~is is cutting things rather finely. This is not a 
function of the electronics as it does not change when either 
the inter-stage coupling capacitors are removed, or the anode 
capacitor is changed. It is a fundamental limitation of the 
mechanical part of the equipment. 
In order to test the timing of the real-time clock, a 
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short program was written to compare its performance with the 
crystal-controlled computer clock by counting the number of ~ 
computer operations which could be performed between the 
interrupts from the real-time clock. It was found that the 
clock was stable to better than 1% over long and short periods. 
3:4 Description of the Program 
Several investigators in the field of tactual pattern 
recognition have found it necessary to employ a digital computer 
to present patterns because of the high information transmission 
rate required to .ontrolaa stimulator arr., with adequate 
temporal resolutian. Bliss et al (30,80) have used an I.B.M. 
machine to present tactile patterns through a 12x8 array of 
air jets. Uttal (110) has ~so employed a computer to control 
a train of electrical pulses applied to the skin, and to record 
the subject's response. Peterson (92) has used a PDP-1 to 
control the display of Braille code to eight of the subject's 
fingers. The program that was developed for the present 
series of experiments, however, is capable of controlling the 
display of arbitrarily complex patterns and performing entire 
experiments unsupervised. 
flexibility and scope. 
It represents an advance in 
The development of the program, given the code-name 
G~I~, has proceeded steadily during the course of research 
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as experimental results demanded modifications to pursue lines 
of investigation arising from them. 
The details of the evolution and operation of the 
program are described in a succeeding chapter, a brief outline 
only is therefore given here. A schematic diagram of the 
system is shown in Fig. 11. 
The strategy of the research was to compare patterns 
in pairs and to measure confusion rates. Because a large 
number of patterns can be displayed, it is necessary to specify 
those to be used in an experiment, and even to specify which 
pairs are to be compared. The main function of the program 
is to store sequences for each individual pattern, a list of 
the pairs to be compared and the relative frequencies desired 
for those pairs. 
When the experiment is in operation, the program chooses 
a pair of patterns, displays them to the subject in the 
specified presentation scheme. It then receives the subject's 
response, measuring his reaction time, records details of the 
trial on punched paper tape and proceeds to the next trial. 
On the tape are punched the patterns presented, the subject's 
reaction time and his respon8e. At the end of a series of 
trials, a table of statistics is typed, if required, which 
shows the number of presentations and the number of errors 
made by the subject for each pair of patterns. The program 
JIultiplexer 
output 
Register 
• 
Memory Field 1 
Output Statistios 
Queue 
GENIE 
Display 
Interpreter 
Clook 
Tape 
Punoh 
it 
XSTAT 
Fig. 11/ Sohem&1tio diagram of the experiment-per:forming system. 
Memory Field 0 
Expt Code No. 
No. of Trials/Run 
Combinations & 
Frequenoies 
Diotionary 
of' Patterns 
Patterns 
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then prodeeds to the next sequence of trials. 
A number of facilities are available, under control 
from the Teletype. Feedback maY be provided to the subject 
so that he may know whether he has made an incorrect decision 
and which button he should have pressed. It is also possible 
to set the program into a teaching mode. In this case, the 
prescribed frequencies of occurrence of the pattern pairs are 
over-ridden and pairs which the subject is found to confuse 
are presented more often, with probabilities determined by his 
performance. This technique has two advanta'es. It enables 
the subject to learn to discriminate patterns in a minimum of 
time and also more results will be obtained for those 
discriminations which the subject finds difficult, economising 
upon experimental time. 
The experiment can be run with trials pre.ented at a 
fixed rate, or as fast as the subjec* can deal with the •• 
The statistics printed between series may be full details of 
error rates for each combination of patterns, or simply total 
number of errors. 
Two further modes of operation are ueable. In the bit 
test mode, the pins are raised one by one in sequence to test 
operation of the apparatus. In the demonstration mode, the 
patterns may be presented singly to the subject to familiarise 
him with the set. 
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To use the program, it is called from a magnetic tape 
library system. A tape containing specifications of the 
experiment to be performed is read in. The program is then 
started and will proceed to perform as many trial sequences as 
des~ed. 
The specification tape contains several sets of 
information. The code number of the experiment, the number 
of trials per sequence are required together with pattern data, 
a list of combinations of patterns to be presented and the 
relative number of occurrences of each combination. 
The pattern data can be written in an intermediate 
language which permits such functions as display loops and 
subroutines to be executed. A tape of information written in 
this form is processed by an assembler program into a form which 
can be entered with the dispaay program. Once this final data 
tape has been produced, it can be entered at any time and thus 
set up the experiment in a matter of seconds. The writing of 
the initial tape and the processing can be done within half 
an hour. 
A second program, XSTAT, is used to process the record 
tape of an experiment. It reads the tape and will then tiPe 
out for each combination of patteras the number of occurrences, 
the number of subject errors, the parcentage error and a 
measure of the reliability, and the d' transformation of the 
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error rate, the mean reaction time and the number of samp~es 
upon which it is based (very slow reactions and corrected 
responses are not included). 
XSTAT also contains facilities for summing results over 
a number of tapes and over a number of pattern combinations, as 
we~l as the faci~ity for analysing the results as a time series. 
3:5 Experimental Technique 
Some thought was given to the problem of presentation 
technique. AS the computer was to be used, the presentation 
could be made as complicated as necessary with little added to 
the task of programming. The principle of the experiments 
was that two patterns should be presented to the subject and 
that he was to choose one of them on the basis ot some 
criterion of discrimination. This end could be achilved by 
allowing a great deal ot practice with each pair, so that the 
subject could recognise them and then to preseut them 
of e""'&$ individually a number/and require the subject to name them. 
This is susceptible to the ettects of observer criterion, any 
shift of which would alter the error rates measured. There 
would be little stability of the results over long periods 
of time and co.parisons ot results would be ditficult. 
A better approach would be to present the two patterns 
in a random order and to require the subject to state which 
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was which. ~his would avomd effects of criterion shift for 
the experiment is now a 2-alternative forced choice (2AFC) 
requiring the observer to decide only which pattern possessed 
'more' of a particular property, not to assess how much of that 
property it contained. In such a situation the effects of 
learning are less marked. 
However, the 2AFC presentation suffers from a major 
defect; the subject must be told the criteria upon which to 
base his judgement. The experim~nter must know in advance 
the dimension of sensation involved and must endeavour to 
communicate this information to the subject. For very simple 
patterns such a problem should be surmountable, but for 
patterns of any complexity it could well prove insoluble. 
Varying the duration of a pulse changes the intensity of 
sensation as well as its duration. If a small change is made 
to a standard pattern of many points the changes of sensation 
may occur along several dimensions simult~eously. 
One way of achieving the desired results would be to 
present the pairs of patterns m~ny times, and to indicate the 
correct response each time. This would allow the subject to 
determine for himself the dimensions upon which to base his 
decisions. Once more, much training would be needed. 
An improved method of experim.ntation which does not 
suffer from these disadvantages i. a comparison technique, for 
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example an ABX presentation scheme, in which two patterns, A 
and B,are shown as standards to define the pair under 
consideration. A third pattern, X, is then shown which is 
either A or B and the subject must decide which of the two 
patterns X was, or in other words, which of the patterns was 
shown twice. Training should now have a much smaller effect 
1i:n that once the subject is familiar with the experimental. 
situation and has learnt to remember A and B and to compare 
them with X. Only relative judgements need to be made in 
deciding which patterns are similar, and criterion should not 
enter into the sitaation. The alternatives bear no penalty 
or reward"so they are symmettrical. The ABX presentation 
scheme has been employed by Bliss (30) to a limited extent. 
An extra advantage of an ABX presentation scheme is that 
a number of different comparisons may be made during one series 
of trials. e.g. Patterns A and B may be compared , and so may 
C and D, with trials of each sort randomly mixed. The 
criterion for judgement is now similarity of the test pattern 
to the two reference patterns and not a particular property, 
like duration or width. Thus several measures of similarity 
may be compared, having been evaluated under closely similar 
experimental conditions. ~ The effect of shift of a single 
point in a pattern aan be determined for patterns of 1,2,3 and 
4 points, or for different directions of shift in one trial series. 
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The ABX scheme may still involve time order errors; the 
presence of B between A and X may interfere with their comparison 
Slight improvement may be gained by presenting AXBX, with X 
(Su."~(:,,J. ~, :k. M.M .... ,e. .... ,. ).". .. ",& les ...... l. Eff .. t.(~sl..o. .... ~ r.,.",,-) 
occurring after A as wel1(. As a final precaution, ensuring 
that X may be either A or B equally often and interchanging 
A and B as well should lead to virtual elimination of time-
order errors. 
i.e. In the AXBX presentation of two patterns, A and.B, 
the four alternatives; 
AI. BA 
AB BB 
BA AA 
BB AB 
should be presented equally often, and the results summed over 
the four situations. 
A simple way to treat the trial, from the subject's 
point of view, is to regard it as the presentation of two pairs 
of patterns and for him to decide which pair i. more dissimilar 
(i.e. which pair contains the odd pattern out). 
Another experimental approach is to present an ACBC 
C ... ". f:o A fir a ....t 
scheme. l!he subject is then required to state whether pattern 
C is more similar to A or to B. The facility for this 
technique exists, but it has not yet been employed. 
It was felt that in the early stages of experimentation 
at least, the experimental variables would be limited to one 
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factor as much as possible, and that the advantages of minimal 
training requirements meant that the AXBX scheme was to be 
preferred. 
3:5:1 Trials of Presentation Schemes 
In some of the initial experiments, other presentation 
schemes were tried. Some of the experiments comparing edges 
and pulses were performed with a 2AFC scheme; only two patterns 
were compared and the subject was required to identify one of 
them. It was found that this teqhnique was perfectly usable 
~t~r~r~ but suffered from the disadvantage that &8apaP~ confusions 
among several patterns required a separate experiment for each 
pair. It was also possible for the subject to perform 
identifications based upon the wrong parameter of sensation, 
ignoring the rest. For this reason, it was decided to use 
an ABX or AXBX scheme. 
Experiment 8, a simultaneity judgement, was performed 
with both ABX and AXBX schemes. No significant difference 
in error rates was obtained, but the subjective impression was 
that it was slightly easier to respond to the AXBX scheme. 
On the basis of these observations, all succeeding 
experiments were presented with an AXBX scheme. 
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3:6 Analytical Technique 
All the exper~ents described here yielded as their 
result the percentage of trials on which the subject made the 
wrong response. This error rate measure thus lies between 
0% and 5~fo; ,erfect discr~ination would yield no errors, hence 
~~, while if the subject could detect no difference between the 
patterns, on the average he would score 50% errors. Should 
the subject score significantly above 5o.r~, this would imply 
that he was capable of discriminating to some extent, but was 
responding incorrectly through misunderstanding, or cussedness. 
As an index of performance, the error rate is monotonic 
and hence unambiguous, and independent of any theoretioal model 
of the decision process, but does suffer from some disadvantages 
of convenience. The scale uBon which error rate is measured 
is finite. Consequently, if error rate is plotted against 
some parameter of the patterns which can take a wide range of 
values, the region where an error rate is about 25% will have 
the steepest slope and probably the clearest performance. Far 
from this region, the curve will tend asymptotically to 0% or 
5~~ and it will thus be unclear exactly what is occurring. 
What is required is an index of performance which is some 
transform of error rate with the following properties: It 
should be monotonio to avoid ambiguity and its range should not 
be limited, to avoid cramping at the ends. 
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It is possible to plot the error rates on probability 
paper to eliminate the problem of limited range. This method, 
however, tacitly assumes that error rates should follow a 
portion of a normal ogive. It is known that for threshold 
measurements of some types, the results do follow such a curve 
(121), but there is~ound basis for expecting it to be the case 
for this type of experiment also, particularly since the error 
rates only cover half the possible range of values. The use of 
such a transform would have to be made on an ad hoc basis. 
Information rate, in the sense of Garner and Hake (50,6, 
90), is a mono tonic transform of error rate. For a given pair 
of patterns in an AXBX presentation, the pair which are different 
may be either first or second, implying an information content 
of 1 bit at the input. The subject has two possible responses 
with equal probability (ideally), hence an information content 
of 1 bit at the output. By comparing input and output, it is 
passible to determine how much of the input information is 
reaching the output; it will be between ° and 1 bit. Thus, 
although this particular transform may in some experiments prOTe 
to be useful and informative, it still suffers from a finite 
range of values. It does not, there'ore, comply with the 
second of oui requirements for a suitable measure of performance. 
One measure which does fulfil both requirements is the 
d' (D prime) measure of Tanner, IWets and Green (104,105,79) 
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based upon signal detection theory. It assumes that the stimulus 
being observed is representable as a point in a space defining 
the state of the receiver, and that variation of some parameter 
of the signal causes the representative point to move along 
some dimension in reception space. Moreover, some noise is 
associated with the transmission and detection process so that 
a single value of the signal parameter gives rise to a probability 
distribution in reception space. Two values of the parameter 
will give rise to two overlapping probability distributions. 
When two differ.nt stimuli are presented to the subject 
he observes two Roints in reception space, one from each 
distribution. He will then assume that the point fuZtherl~ 
along the dimension in reception space came from the distribution 
whose mean is further along this dimension and will respond 
accordingl~. 
The probability of a correct decision aan be calculated, 
as it is the probability that a single sample trom the further 
distribution will be greater than one from the nearer 
distribution. The greater the separation between ~e means ot 
the two distributions, the greater the probability that the 
subject will respond correctly. When the distributions are 
close together then the error rate will be high, rising to an 
average of 50% when the two distributions coincide. The d' 
measure is the separation of the means of the two distributions, 
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in terms of their standard deviation. (A d' value of 3 
implies that the means are 3 standard deviations apart.) 
The value of d' so calculated may take any value from 
minus infinity to plus infinity, thus satisfying the second 
requirement, and varying monotonically with error rate, 
satisfying the first. Negative Values of d' imply that the 
subject is able to discriminate, but is responding incorrectly. 
It has been found that the d' measure obtained for a 
particular comparison is stable and largely independent of the 
experimental technique used (104). e.g. tYes-no' detection 
technique will yield the same value of d' as a 2AFC technique, 
although the error rates are not necessarily equal. 
Such a technique-independent measure is valuable and of more 
general use than error rates. 
The outline of the derivation of d' values given above 
aPplies to the 2AFC situation. To compute d' for an AXBX 
scheme is slightly more complicated as there are four samples 
and two response categories. No calculation for this case 
appears to have been made previously, details of the derivation 
are therefore given in the appendix, together with tables for 
the conversion of error rate to d l • 
In performing the transformation from error rate to d' 
we have assumed a particular method by which the subject makes 
his discriminations. Were there no other grounds for 
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employing this measure than those of changing the range of 
results it would be difficult to justify. However, there is 
ample evidence that d'is a good measure in a wide range of 
circumstances (79,104,105). 
se .. ~ .. , er .... ~ ..... ~ ...... ,., 
In this particular"...., it was 
found that plotting d' values atainst parameter values yielded 
straight lines in many cases, while error rates did not, 
especially at extremes of the range. 
Plotting d' against parameter on log-log paper has 
often been done as this tended to be the most informative 
approach in many cases. 
In the course of the experiments, it has been found 
"t.(1C.t, 
that transformation of error rate to d'/has simplified the 
appearance and interpretation of results, with no loss ot 
information incurred. This has been taken as sufficient 
justification tor employing it. 
3:7 Reliability of Results 
Having obtained a value for the error rate ot the 
subject's decisions, some measure·.of the reliability of the 
estimate is required. 
For a single comparison, it was assumed that the 
process behind the decisions was probabili*tic. i.e. That 
the probability of an incorrect decision was the same to. 
every trial and was equal to some constant, say p. 
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For n tria~s, the expected number of incorrect 
decisions is n.p, whi~e the number of correct responses is 
n(1-p) - n.q , where q=1-p • 
From the theory of the binomial distribution, the 
standard deviation of the number of errors is given by;~ • 
When p is unknown, as in this case, it shou~d be estimated 
from the resu~ts; 
p = no. of errors 
total no. of trials 
(The error rate.) 
This is the technique which has been adopted;-
The value of p is estimated as above and the standard deviation 
is calculated from it, as in the above formula. 
As a •• ~ee guide, for 100 tria~s, the expected standard 
deviations would be; 
for 50 errors, stan4ard deviation is 5 
11 25 
" " " 
To ca~culate the probable error in the estimate of p, 
the derived standard deviation should be divided by the number 
of tria~s. Thus; for 100 trials, 
50~rrors yield estimate of p = 0.50 ~ 0.05 
25 
" " " 
11 p = 0.25 ~ 0.043 
The limiting values of the probability may be 
transformed, exactly as the estimate itself, to give probable 
limits for the value of d'. 
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3:8 Summary 
The method of experimentation was determined to be as .. ' 
follows;-
An on-line computer program was required to display 
patterns and perform experiments. A mechanical st1mulator, 
of 35 solenoid-operated pins in a 5x? array was to be used. 
Patterns were to be compared in pairs, presented in 
an AXBX scheme, and the subject's error rate measured. 
From the error rate, d' was to be calculated as a 
measure of the degree of confusion of the patterns. The 
reliability of the result was calculated from the theory of 
the binomial distribution. 
CH~~4 
THE CO~WUTER PROGRAM 
4:1 Evolution of the Program 
The program which runs the experiments and computes 
statistics has evolved steadily during the course of the 
research to meet the demands of experimental results. 
The very first program written to tryout computer 
control of experiments was correspondingly simple. It 
displayed a visual pattern in the row of 12 accumulator lights 
on the main panel of the PDP-8 for a fixed time, then a second 
pattern. The subject was required to depress one of two keys 
on the console, according to whether he thought the patterns 
were the Same or different. The patterns were generated by a 
pseudo-random number generating subroutine. 
It was soon evident that permitting random patterns to 
be displayed was not a good a~proach. The 5x? tactile display 
is capable of over 10,000,000,000 different states, which can 
change after any time greater than 3mS any number of times. 
Even if static patterns only were to be considered, to asseS6 
confusion rates between all possible pairs would clearly be an 
impossible task. The patterns must be chosen from a well-
defined subset, specified by the experimenter beforehand. The 
second version of the linear visual display incorporated this 
feature. 
The interactions of space and time in tactual perceptions 
were of interest and so moving patterns were required to be 
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displayed. This was achttved by storing the patterns as a 
sequence of numbers in the core store. The first number was 
the duration of the pattern in arbitrary units and the second 
represented the bit-state of the pattern, each bit o~ the word 
corresponding to a panel light which was to be lit if the bit 
were 1. The spatio-temporal pattern was therefore representable 
by a list of durations and shapes. The end ot the list was 
denoted by setting the duration equal to zero. e.g. 
duration 
shape 
duration 
shape 
duration 
shape 
o 
Theabove would show a changing pattern ot three 'trames'. 
The display is thus analogous to the presentation of 'moving' 
cinematographic films, which are in realit, a series of still 
pictures in rapid succession. The display program has the 
advantag. that the fraDes need not be shown for equal lengths 
of time, thereby economising on core store requirements. 
A more elaborate version of the display subroutine was 
then written to display 35 bits instead of 12. This required 
three computer words for storage of the pattern shape instead 
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of one, and the visual display was now a CRT controlled by the 
computer in X and Y coordinates and intensity. The program 
thus was now capable of displaying two dimensional moving 
patterns as a 5x7 array of points. 
At this point, the scheme of presentation was changed 
from 'same/different' to an AXBX scheme. The method of 
choosing patterns was also modified. Instead of choosing 
twice from a list of individual patterns, the program now 
chose once from a list of pairs of patterns. Thus, instead of 
presenting all possible combinations of patterns in one 
experim~nt, only pairs which would yield information would 
occur. 
At about this time, further equipment was added to the 
computer, the most important of which from the viewpoint of this 
program was a multiplexer output. This was built to drive a 
tl 
speech synthesiser by Dr. W. A. Ainsvorth. It was supplied by 
the compute~ through the output register, with a sequence of 
o. .. e. 
12 5-bit words which wePe then stored in its small core store 
of 60 bits. On receipt of a 13th. synchronising word, the 
multiplexer transfers the 60 bits simultaneously to avalanche 
transistors which hold their state until the next synchronising 
word. Thirty-five of the outputs are used to drive the 
tactile display channels. Thus it is possible to output up to 
60 bits simultaneously at variable intervals. The minimum 
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interval is 2.6mS and is determined by the rate at which the 
multiplexer can accept d~ta. There is virtually no maximum 
interval. The displ~ routine was once more modified to use 
the multiplexer and tactile dispaly. 
The program written to perform tactual experiments at 
this stage accepted durations stored in term. of quanta. The 
duration specified the number of quanta that the pattern was 
to last. Initially the quanta were 10mS but experim~nts 
revealed that this was too large for adequate study of temporal 
resolutions and the quantum was reduced to 2.5mS. The response 
of the subject was made by pressing a button on a box associated 
with the 338 visual display. The buttons could also be ~ 
illuminated under computer control and were therefore used to 
indicate when a trial was in progress~. 
to record the subject's response time. 
A routine was written 
The pattern storage scheme was also modified. Instead 
of specifying the pair of patterns to be compared and allowing 
the program to decide which was to be A, B and X, the system 
was generalised. The three patterns had now to be specified 
exactly by the experimenter. This enabled comparison 
experim~nts to be performed, if desired. i.e. Three patterns 
At B and Ct are shown and the subject must indicate whether C 
is more like A or B. The disadvantage of haTing to specify X 
in AXBX experiments was outweighed by the facts that the four 
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sequences, AABA, ABBB, BAAA .. and BBAB, could now be made to occur 
equally often and balance out time order errors more exactlF. 
Previously, the number of occurrences of each were random. 
At this point it is worthwhile to elaborate on the 
ezact method by which patterns are chosen and displayed. 
The specifications that are stored in the core store 
are threefold. First, the number of individual pattern , 
combinations is specified, together with the number of individual 
patterns and the number of trials to be made in one series. 
Second, is a list of pattern triplets (ABX) together with the 
relative number of times that the triplet is to be chosen. 
Third, the patterns themselves are store~ as described above, 
together with a dictionary of their starting addresses, for 
internal use only. 
The method of choosing is effectively an urn model 
without replacement; the hypothetical urn is filled with balls 
on each of which 1s written a pattern triplet, the number bearing 
a given triplet is the number specified above. Balls are 
chosen randomly, using the random number generator, Aa each 
is drawn, it is discarded, so that each triplet only occurs the 
specified number of times at each filling. When the urn i. 
empty, if the run has not ended, it is refilled exactly as 
before and drawing recommences. This method ensures that each 
triplet can appear at any point in the series with constant a 
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priori probability, but only occurs the specified number of 
times. 
After a series of experiments had been run, it was 
found that temporal resolution should be made as fine as 
possible. Without too much trouble it was possible to reduce 
the quanta to 0.5mS, provided no frame duration was permitted 
to be less than 2.5mS. 
At this stage, considerable improvements were made to 
the program, now called GENIE. The storage was increased to 
use the second field of the computer store for statistical 
results, keeping the program and patterns in field O. A new 
technique was adopted for timing the patterns and the transfer 
of data. 
The output register was modified to facilitate the 
loading of the multiplexer. Previously, to drive the devi.e, 
the I/O register had to be loaded for 10~S then cleared for 
109FS under program control. The timing of this was ach"ved 
by the central processor counting up to some number, then 
proceeding to the next step. This has the disadvantage that 
the processor is unable to perform any other task while it is 
timing. The fetching of the next pattern must be done when 
this is over and can lead to trouble if the patterns are of 
short duration. The register was therefore modified to time 
itself. On giving the load command, the register now waits 
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the requisite 10~S, clears itself and waits a further 109fS 
before raising an interrupting flag to signify that it is now 
ready for more data. The central processor can now operate 
in the interrupt mode, fetching and processing data ready for 
transmission while the multiplexer is being loaded. 
~ven more efficient economies of time were made by the 
addition of an output queue. The background task of the 
program during display is to fetch the next frame and load it 
onto the queue, located in field 1. The I/O register 
interrupts this when ready for more iata, whereupon the next 
byte is loaded and the succeeding one prepared. Data is 
output in 4-bit bytes, the first nine being genuine data and 
the next three dummy bytes, followed by the synchronising word. 
While a fr~iB in progress, the t~ng is performed 
by the computer real-time clock, which interrupts every O.5mB. 
When a clock interrupt occurs it is counted and when time has 
expired the next frame i. output. 
The storage of patterns was extended to enable commands 
to be inserted in the data sequence. Commands such &8 DO, 
which repeats a spatio-temporal sequence a specified number ot 
times, PSHJMP, DJMP and POPJMP, which allow transf.rs of 
control, can be used and hence programming of loops and sub-
routines is possible. The queue-packing routine accepts th ••• 
commands and aonstructs a linear queue of fr.... from which 
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a~ 
~unpacker can output in a straightforward manner. The 
interpreting routine performs its trans1ations during odd 
snatches of avai1ab1e time, whi1e the unpacker operates 
whenever it is ca11ed upon. 
When the subject has responded, the program punches out 
a paper tape protoc01, recording at each tria1 the three patterns 
disp1ayed and which response is correct, together with the 
subject's response (one of six buttohs) and his response time. 
A rubout character is punched between tria1s to de1imit data. 
At the end of the series of tria1s, statistics can be 
typed out if desired. G~IE can 1ist the three patterns, the 
number of times they occurred and the tat_X number of errors 
made, as we11 as tota1 trials and tota1 errors. ~ror rates 
were chosen for typeout as it is easier to interpret the tab1e 
when the error rate is 10w, dots being typed instead of zeroes 
to improve 1egibi1ity. 
4:2 Current Version .t the Program 
The heart of the current version of GENI~ is the disp1ay 
routine. It consists of two parts, an output handling routine 
and an interpreting routine. The interpreter is an on-line 
assembler, in effect, for it reads the disp1ay fi1., obeying 
instructions in the fi1e and extracting data and putting it on 
a 1inear queue in a simplified form. The output hand1ing 
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routine takes data from the queue and operates the display 
to provide the specified spatio-temporal patterns. 
The form in which the data is&ored in the queue is 
a list of pattern durations and shapes; one word den.tes the 
duration of the frame in O.5mS qua*ta, three 8uccessiTe words 
specify the state of the 35 pins of the array. 
e.g. Duration 
State 1 
State 2 
State 3 
Duration 
State 1 
..... 
• • • • • 
State 3 
o 
Zero signifies the end of the queue and is the cue for 
exit from the display routine. 
The file that is read by the interpreting routine ia 
similar in form when a section of data i. encountered. Zero 
in this case, hOW8Ter, doe. not mean a co.plete termination, 
but that succeecling word. are to be taken as command •• 
Commands that are currently in use are;-
INSTRN ~nter control mode from data mode. 
DATA 
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~nter data mode after this instruction. 
microprogrammed with other commands.) 
DJ}~ Jump to address contained in next word. 
(Can be 
PSHJMP Jump to address contained in next word and store current 
address on push-down stack for return from subroutine. 
POPJMP Return to top address on push-down stack and pop the 
stack. 
POP Pop the push-down stack. (To return through two 
levels of subroutining at next POPJLP.) 
DO n Do the following section n times. 
END ~nd of section to be repeated. 
FINISH ~d at display sequence. 
Other instructions are available for initialising the 
display file interpreter and for executing macOine code under 
interpreter supervision. 
The points of the array are given labels corresponding 
to their position. The columns are labelled A to ~ and the 
rows 1 to 7. Points are thus, A5, C7, .l!;1 etc. 
AS an example of the method of use, a simple program 
is shown below. The sequence to be displayed is a pause for 
1 second, preseating blank tield to the fingerpad, then pin 
c4 is moved up and down seven times at 100 c1cle. per second. 
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The symbolic form of the display program is as follows;-
START, INSTRN 
PSHJMP DATA 
BUZZ, 
BLANK 
DO 7 DATA 
10 
0;c4;0 
10 
0;0;0 
INSTRN 
,t;ND; BUZZ 
FINISH 
••••• 
, ....•. 
BLANK, 2000 
0;0;0 
INSTRN 
POPJMP 
/Instructions follow 
/~ter subroutine, change to data mode 
/Name of subroutine 
/Do the following 7 times, data mode 
/Duration 5mB 
/Raise c4 only 
/Duration 5mB 
/Lower all pins 
/Instruction follows 
/End of DO loop 
/~d of display sequence 
/Subroutine: 1 second 
/ of blank pattern 
/Return from subroutine. 
This alphanumeric form of the display program is 
punched onto paper tape, which is then processed by the MACRO-8 
assembler into a binary code tape. The binary tape can then 
be read into the computer with the display operating program. 
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In the queued form, produced by the display interpreter, 
the sample program would be represented by;-
2000 
0;0;0 
10 
0;c4;0 
10 
0;0;0 
10 
0;c4;0 
10 
0;0;0 
••••• 
• • • • • 
10 
0;0;0 
o 
(1 second of blank field.) 
(i.e. the code for pin c4) 
(7 occurrences in all) 
(hnd of sequence) 
It will be noted that the use of an intermediate level 
language to program the tactile display reduces the amount of 
source program and eases the writing of experiment specificatio~s. 
In normal use, the main display file consists of a set 
of pushjumps to the subroutines for the patterns, A, B and X. 
The routine which 'looses the patterns fills in the names in the 
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the main file and the patterns are written as subroutines. 
4:3 ~xperiment Running Routines 
Before an experim~nt is run a specification tape is 
read into core to provide the neeessary data. This includes 
an identifying code number, which is punched on the protocol 
t4pe and on the record sheet on every series of trials, and the 
number of trials per series. The patterns must be provided in 
subroutine form, together with a dictionary of their starting 
addresses. The information required by the choosing routine 
consists of the number of pattern combinations, the combinations 
themselves (A, B and X) and the relative frequency of each 
combination. 
On starting, or having just completed a series of trials, 
the program waits for information to be entered on the Teletype. 
For the purpose of typing he~ings and making notes, anything 
may be typed onto the record sheet and will be ignored by G~NIE 
until the Alternate Mode key is struck. The program then 
types carriage return-line feed and a left square bracket and 
awaits an instruction. 
Instructions are of two sorts; those which set up 
various facilities and those which initiate action. The 
former are used to turn on and off the facilities for feedback 
of performance to the subject, the facility for adaptive 
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teaching of the pattern combinations. The printout can be set 
to a full form with details of performance with each pattern 
combination, or just total errors. The time between trials 
can be set to be constant, allowing about three seconds for 
the subject's response, or the next trial can be set to occur 
as soon as the subject has responded to the last one. 
The second type of instruction sets the program ready 
to execute; the signal to begin is a space, after which a right 
"" sreN1e square bracket and carriage return-line feed are typed/and the 
specifiei operation begins. There are four such commands; 
Start, Continue, visplay and Bit test (given by typing the 
initial letter S, C, D or B). 
When Start is given, the switch register is read by 
G~NI~, the number to which it is set is taken to be the trial 
series at which it is desired to start. The program therefore 
simulates the choosing of patterns during all the previous 
series to initialise the random number generator. Thus the 
sequence of trials, choices and presentations for any given 
series, say the 12th., will be the same whether it is reached 
by working through the previous (11) series, of perhaps 100 
trials each, or by the simulation method. Subjects can thus 
be asked to respond to identical trial series, if desired. 
The Continue command is used between trial series to 
proceed to the next series, without reinitialisation. 
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Provided that D or B command has not been given since the last 
series ended, the C may be omitted and the next series begun by 
simply typing a space. 
D is used to demonstrate individual patterns. The 
'O(C.~ •• ", 
switch register is read and the pattern whose ea*pY in the 
pattern dictionary corresponds to that number is executed. 
Changing the number to which the register is set changes the 
pattern which is displayed. Tbe most significant bit of the 
switch register is used to control the display. If it is down 
the register is read and the appropriate pattern is executed 
repetitively. If it is up, the program haluafter displaying 
the pattern once. Pushing the Continue switch causes the 
pattern to be displayed once more. 
Bit test comm~nd causes each pin of the display to be 
raised in turn for 200mS, as if scanning a raster, until the 
most significant bit of the switch register is raised, whereup~n 
GLNIE returns to the initial copying mode. 
4:4 Operation During an ~xperiment 
To perform an experiment, G~IE is loaded into core and 
the specification tape is read on top. The program is then 
st~ted, a heading is typed if required, and the control mode is 
entered by typing Alternate Mode. The desired state setting 
commands are typed, followed by ItS space" • Leader tap. is 
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then punched by the program and the experiment code number and 
run number. 
The first pattern combination is chosen and the display 
file is set to execute the ap)ropriate patterns. A row of 
lights on the push button box is illuminated to indicate a 
presentation in progress. The patterns are then displayed, 
usually in AXBX scheme, and the lighugo off. The subject 
must then make his response, pres.ing one of two buttons 
according to his decision. 
GLNI~ measures his reaction time and accepts his respo nse 
'---
The subject is at liberty to change his mind during a wait 
period of about 3 seconds, At the end of this period, the 
three patterns in the combination, his response and reaction 
time are punched onto the tape. Statistics of the trial are 
recorded, the number of occurrences of each combination and the 
number of errors made by the subject, The program then proceeds 
to the next trial. 
At the end of the specified number of trials, the 
statistics gathered are printed on the teletype. ~ch 
combination of patterns, i •• frequency of occu~nce and the 
number of erroneous responses are printed, together with total 
number of trials and total number of errors (Fig. 12). The 
program then waits in the copying mode. 
At any stage during the series the subject may press a 
8/3/681 1I 
HGBI ISTBRHJ 2X2MMJ 0. SM,sJ AXBXJ (;E,N I t:2J Nul,st: 
2PT COMPAHI,soN-VARN IN EXPOSURt: 
2146 
[GUS 1 
EXPT CuOEJ 54 
RUN NO. J 24 
STATISTIC,sr 
PATl PAT2 PATX JoHEbl Et<t<.s 
1 2 1 10 • 
2 1 1 10 
1 2 2 10 • 
2 1 2 10 
3 4 3 10 • 
4 3 3 10 • 
3 4 4 10 2 
4 3 4 10 • 
S 6 5 10 • 
6 5 :;, 10 • 
5 6 6 10 
6 5 6 10 • 
Tu TAL!) 120 4 
3:0~ 
[ 1 
EXPT CuUI::J :;'4 
HUN NU. J 25 
!)TATI,sTICS: 
PAT! PAT2 PAT X jit<t:bI Et<H.s 
1 2 1 10 1 
2 1 1 HI 2 
1 2 2 10 • 
2 1 2 10 
3 4 3 10 
4 3 3 10 1 
3 4 4 10 3 
4 3 4 10 2 
S 6 S 10 • 
6 ~ ~ 10 2 
5 6 6 10 3 
6 :) 6 10 ~ 
rurAL!) 120 18 
Fig. 12/ Example of iDtermediate results printed by GENIE. 
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button marked 'Interrupt' which will cause the program to 
pause after the current trial until the button is pressed 
once more. 
If the most significant bit of the switch register is 
raised, the current series is terminated after the current 
trial. An experim~nt can thus be ended in the middle without 
loss of data. 
The protocol tape produced during an experiment 
consists of several stretches of data separated by leader 
code between trial series. ~ch series is prece_ded by the 
experiment code number and the run number. It is terminated 
by a check sum as a precaution against errors in punching or 
reading. The trials are separated by a rubout character (all 
eight holes punched) and for each trial, the pattern numbers 
of A, B and X are recorded, followed by the subject's response 
time in 10mS units and his response. (Fig. 13). 
A second program, XSTAT, is run off-line to process 
the information on the protocol tape. XSTAT reads any number 
of tapes and computes statistics based upon the total set of 
trials. It types out a table similar to that of GLNIE, but 
containing more information. The table consists of the three 
patterns of the combination, number of presentations, number of 
incorrect responses, percentage of incorrect responses (error 
rate), the standard deviation of the number of errors, d' 
H 
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Fig. 13/ Example of protoool tape punched by GENIE. 
X!:>TAT 
H~!>ULT!> vI- RI 31 6R J , ! 
HGI:H 1 !:> 'I HHJ 2 X2MMJ ~.~!>J AXI:;XJ lll:.l\l I i:.~ J Nvl!>!:. 
iXpr 54. VAHN vI- ~PT THHi.!:>HvLU wITH t:.x Pu ~ uH t:. 
PAl PAT 2 PAT X 
I- H~Q i.HKUK!> .4 i.HH~ ~lU ut-v UPr<IMi AV Hr ,\I r< J 
+~ +6 ... ~ 
+12~ + 1 ~ ... 12 +4 "'166 ... ~0 ... 11 R 
+3 +4 "'0 
+ 12~ "'13 + 1 1 "'4 "'174 ... 61 +- 1 19 
... 1 + 2 "'0 
+ 12~ +-R ... 7 +3 +2 0A +70 +120 
TvTAL!:> 
... 36~ +36 +10 +6 + P31 + 60 ... 3 ~7 
Fig. 14/ Example of analysis of results produced by XSTAT. 
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values corresponding to the error rate, average reaction time 
and the number of samples upon which the average is based (very 
long times and double responses are ignored). At the end of 
the table values of these statistics, computed over the entire 
set of data are typed. (Fig. 14). 
Certain simplifications can be made to the full table, 
e.g statistics can be computed for pairs of patterns, A and B, 
indepen4ent of the actual order of presentation. It:is also 
possible to analyse data in terms of time, giving statistics 
of the errors occurring ii the first ten trials of the series, 
the second ten, and so on, averaged over all series. 
4:5 Summary 
The main program, GBNIL, displays patterns and performs 
psychophysical experiments. It presents patterns to the subject 
and accepts his responses, punching out a paper tape of protocol. 
A second program is employed to make detailed analyses of the 
results. 
CHAPTER 5 
TH~ .l!;XPERINENTS 
5:1:1 ~xperimental procedure 
The subject was seated in a chair at the console of the 
PDP-8 computer with his elbows resting upon tall padded stools 
of suitable hteght (Fig. 15). His right index finger rested 
lightly upon the platform of the stimulator arr~, which was 
level with the console table. His left index finger rested 
between two buttons of the push-button box. The neon 
indicator array was hidden outside his field of view. To 
counter auditory cues that the subject might have gained trom 
the solenoids, he wore a pair of Sharpe HA-10 earphones, which 
provide good sound isolation, and random noise was played 
through them at sufficient volume to mask the sound of pin 
motions. The continuous noise of the high speed punch also 
assisted in Masking. 
The subject, it new to the experimental situation, was 
informed briefly of the presentation scheme and was told to 
press a left-hand button if he felt the first pair of patterns 
to be the more dissimilar, or to press a right-hand button if 
he felt the second pair to be the more dissimilar. He was at 
liberty to change his mind, but 8Ubjects seldom did so. 
The set of patterns was then demonstrated to him, each 
being presented several times. The subject was not instructed 
to attend to a particular aspect of the stimuli to perform 
discriminations, but was required to observe the difference for 
Fig. 15/ The ap aratuG and 
The etimulator is 
buttons noer his 
carries the drive 
ung from the top 
indica tor ray . 
carries the clock , 
mul tiplexer. 
subj ct HGB during- an e eriment. 
under his right hand , the response 
left . The r ok in the fore ound 
amplifiers for the pin array . 
right hand corner is t he noon 
The raoIt at the extreme right 
the input/outpu t ro ~ter and the 
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himself. When the experimenter was also the subject he 
endeavoured to adhere to this principle. e.g. When discrim-
inating durations the sensation differences are largely of 
intensity; judgements were therefore based largely upon 
apparent intensity and not apparent duration. The subject 
was also instructed not to be too concerned about difficult 
discriminations, but to make a good guess in order to 
encourage a relaxed judgement. 
Finger position was not strictly cont~olled; a small 
wall was constructed of plasticene around the array to constrain 
the finger, but slight changes of position were permitted. 
No control of finger pressure was made, other than instructing 
the subject to maintain a light pressure and to avoid undue 
force. 
A series of trials was then presented to the subject, 
using feedback of errors to familiarise him with the experimental 
situation and the pattern combinations. 
When a trial is about to commence, the subject is 
warned by a row of lights on the button box being illuminated. 
One second later the first pattern, A, is shown, then there is 
a gap of 0.5 seconds of blank field before X, a pause of 1 
second, then Bt another pause of 0.5 seconds and finally the 
second presentation of X. The lights go off and timing of 
the subject's response begins. The wait of 1 second before 
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the patterns begin prepares the subject. The interval 
between the pairs is slightly longer than that between 
patterns of a pair to split the sequence into two sections. 
These times were found to be a reasonable compromise between 
speed and interaction of the patterns. 
About thirty to fifty trials were presented and then 
the demonstration series w~s terminated. The results were 
shown to the subject but were not included in the analysis. 
The feedback was then turned off and the system was 
set ready for a trial series. The subject pressed the space 
bar on the teletype to commence when he wished. In 
experim~nts when the experimenter was not also the subject, he 
left the room when the run was in progress, but observed 
through a window in the door in order not to perturb the subject 
by his presence. At the end of the series he reentered the 
room to check on performance and to instruct the subject to 
press Alternate Mode and the space bar to continue with the 
next series. 
After the second series, the subject was allowed to 
continue with succeeding series by himself, but was observed 
from time to time through the window. He could read his 
error scores as they were typed out and this assisted in 
maintaining motivation. The experimenter entered between 
series occasionally to check that the experiment was proceeding 
smoothly. 
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After the second trial, subjects were often content to 
perform for about an hour at one session. The series were set in 
length to occupy about ten minutes. This appeared to be optimal 
for obtaining results without fatigue. One row Gf lights on the 
computer was set to display the number of trials left in the 
present series. This served to allay boredom, particularly 
towards the end of a series. However, most of the subjects said 
that they had enjoyed participating. 
5:1:2 Subjective Observations 
~fter some practice at the discrimination task, responding 
to the stimuli became automatic to such an extent that the subject 
would perform subconsciously. No change in error rates was 
observed when this occurred. On the other hand, overt efforts 
to concentrate upon the stimuli and to be certain about correct 
discriminations did not improve performance. It was thought, 
therefore, that automatic responding was not to be discouraged, 
as it might produce results les8 affected by extraneous events. 
One fact that aoon became apparent is that the subject's 
opinion of his performance does not predict his error rate. On 
many occasions when he thought that he had performed badly, the 
error rate waS not significantly different from that for an 
average run of trials. Such independence of the observer's 
atate of mind is a desired f.ature for the experimental results 
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and is good vindication of the technique used. 
The sensation elicited by a particular pattern was found 
to be maximal for light pressure. Sufficient pressure was 
required to ensure complete contact with the top plate of the 
stimulator array, but any increase caused a,reduction in senaation. 
This observation does not agree entirely with Verillo's findings 
(111) that threshold falls steadily for increasing pressure. 
In general, series were limited to about ten minutes 
duration. It was found that if they were extended beyond about 
fifteen minutes the fingerpad could become numbed. Ten minutes, 
which represents about a hundred trials, was also a convenient 
duration to avoil severe boredom. 
Some evidence of a successive adaptation effect was 
observed during the course of a trial. The first stimulus 
almost invariably seemed to be the strongest, and the last the 
weakest. In order of subjective intensity the patterns would be 
rated At B, X1, X2. It appears that sensation of the second 
pattern of a pair is inhibited by the first pattern 0.5 seconds 
before it, while the gap of 1 second between the pair. allows 
some recovery. The time constant involved must therefore be of 
the order of 0.5 second. 
This successive interaction of sensations was not 
excessively great, but when making judgements based largely upon 
intensity it had to be taken into account by the subject. 
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The sensation elicited by a long pulse also seemed to 
adapt with a time constant or about 0.5 seconds. The leading 
edge or the pulse evoked a sensation which increased sharply and 
then decayed to almost nothing in the space or one second. The 
trailing edge then evoked a similar sensation, but of lower 
cap __ intensity and slower onset. 
For short durations, the intensity or sensation appeared 
to increase with duration. It also appeared to increase with 
spatial extent of the pattern. There thus seems to be some 
support for Uttal's hypothesis that sensation intensity is a 
function or the total number or .aural impulses evoked by a 
stimulus (108). 
General ~antitative Observations 
Aa a check upon the techniques used and the performance 
or the subject, some of the experimental results were analysed 
in several ways. 
~xperiment 27 was chosen ror the analysis because this 
experiment consisted or 50 series of 110 trials each, spread over 
a period of five days, and was thus the most extensive experiment 
carried out with a single set of patterns. 
~xperiment 27 involved comparison of durations; one pin, 
C3, was raised by a single pulse of variable duration. A duration 
of 15mS was used as a standard and was compared with each or 55 
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other durations, from 2.5mS to 30mB. In a single series of 
trials, each comparison was made twice, and over the *hole 
experiment, the nth trial of a series should have been each 
comparison slightly less than once, on the average. 
The results were initially analysed in terms of the 
presentation and the subject's response, summing oyer all the 
comparisons. The details of this analysis are recorded in 
Table I below. 
Table I 
Pattern Correct l!;rrors Correct Left Right 
X = Response 
A Left 814 1936 I 1936 814 
B Right 979 1771 979 1771 
Totals 1793 3707 2915 2585 
% of Grand Total 33% 67" 53% 47" 
Total 
2750 
2750 
5500 
It will first be noted than 67% of responses were correct 
and 33% were in error. If the subject had ignored the stimuli, 
these figures would each haye been 50";6{t. 0-7",) 
Of the total number of responses, 53% were pressing the 
left-hand button, and 47% the right-hand button. Had the subject 
either responded randomly, or had responded correctly every time, 
these figures would also have been 5~" (! 0.7%). The fact that 
they differ significantly from this value demonstrates an inherent 
bias; the subject prefers to press the left button with his left 
hand. 
A short experiment was performed to try and determine 
the innate preference of the subject. Under the conditions of 
the experiments, the subject was required to press left and right 
buttons as randomly as possible. No tactile stimuli were presented. 
Of 2000 pressings, several per second, 49% were left and 51% right. 
This difference is not statistically significantly different from 
the chance level of 5~b. It would thus appear that the bias may 
be due to the presentation. 
Whether the bias is simply innate in the mechanical 
activity, or whether it is caused by the subjective sensation 
produced by the AXBX presentation is uncertain, but it is not 
sufficiently great to present a problem. The randomisation of 
presentations should almost eliminate any effect upon the error 
rates. 
~ analysis of the results of experiment 27 was also aade 
in terms of the time sequence. Two forms of analysis are possible; 
summing over the series to determine the variation of perfommance 
auring a series of trials, or summing over trials for each series 
to determine the variation over a long time. 
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The variation througJ4the series was measured by 
grouping the results in 11 blocks of 10 trials, then summing 
over the 50 series to obtain average scores for each block. 
Thus the number of trials upon which the scores are based is 500. 
This average through the run represents performance 
over a period of about 11 minutes. From the graph (Fil·;. 16) 
it will be seen that there is no trend, shOwing no overall 
learning or fatigue during a run. The gTaph possesses 
fluctuations with a period of about 5 minutes. However, the 
maximum deviation of a point from the mean is aP.PI'oximately 3 
standard deviations, and so the fluctuations ~ay be only 
statistical. :~eaction time shows little variation, apart from 
a slight rise over the first minute and some sm~ll fluctuations 
towards the end of the run. 
'l'he net conclusion is that during a run, performance 
remains reasonably stable, and error rate is constant within 
the limits of experimental error. 
Analysis over the series does not indicate much from 
the plot of results series by series (Fig. 17); the points all 
lie within !3 standard deviations of the grand mean. If the 
runs are treated as a continuous sequence (which they are not 
quite) and they are grouped in sets of five, the situation 
becomes slightly clearer. The curve shows no steady trend, 
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but does possesG fluctuations which may be increasing in 
amplitude with time. 1.8 each grouped point is based on 500 
trials, the fluctuations are rrobably not statistical. 
It is therefore to be concluded that over a long 
period of time (5 days) there is no steady change in performance, 
It is possible that there may be fluctuations which are less than 
the expected eXIJerimental error for an average over 100 trials. 
It was concluded from these analyses that the 
conditions of experim~ntation were satisfactory, and that the 
technique of presentation and analysis yielded sufficiently 
stable measures of performance. 
2:2 The ~ffect of Transients 
5:2:1 Introduction 
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It is well-known that sensations upon the skin adapt out, 
particularly if the stimulus is static. One is usually unaware 
of the presence of one's wrist-watch and often can only be sure 
that it has been left off by looking at the wrist. AS described 
in Chapter 2, there occurs mechanical adaptation of the tissu~nd 
adaptation of the receptors with various time courses. 
Von Frey (32) reported that pulling a bristle glued to 
the skin produced sensations similar to those of pressing it. 
In view of these facts, three hypotheses seemed likelYj-
al Adaptation might be so great that after a pattern had 
been applied to the skin and had remained static for about half a 
second it would effectively 'disappear' in a manner similar to 
that of stabilised retinal images. 
bl Transients might feel similar, independent of 
direction of motion of the skin surface (pressure or release); on 
and off edges might feel qualitatively similar, if quantitatively 
different. 
cl Transients might feel similar to brief pulses; a brief 
pulse and an edge may be difficult to distinguish. 
If any or all of these hypotheses were found to be valid, 
the study of pattern recognition would be .tmplified to some extent. 
~I 
In particular, ~ would imply that patterns and their inverses 
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(up and down states reversed) would produce similar results, while 
cl would imply that only changes of pin position would be important. 
Thus it might be posBible to simplify the set of patterns to be 
investigated. 
5:2:2 Initial ~xperim~nt 
The first experim~nt, number 12, endeavoured to test the 
three hypotheses simultaneously. It was a direct comparison of 
a long pulse of 1 second duration with a pair of brief pulses, 
of 2.5, 7.5, 25 or 75mS duration, the leading edges of which were 
1 second apart. The temporal patterns were applied to a single 
pin, C3, and an aXBX technique was used. 
recorded below in Table II. 
Table II 
Pulse No. of No. of Value 
Duration Trials urors of d' 
2.5 mB 4-0 3 3.4-
7.5 roS 4-0 4- 3·1 
25.0 mS 4-0 0 >4.8 
75.0 mS 4-0 0 >4.8 
The results are 
d' at 
~1 S.D. 
2.9-4-.4-
4.0-2.5 
No errors occurred for the two longer durations; the four edges of 
the double pulses were obvious to the subject. Discrimination 
was only slightly worse for the two shorter durations. 
amplitude of sensation also seemed to provide information. 
Sensation for the brief pulses appeared less than that for the 
edges. The two edges of the long pulse aroused similar 
sensations which seemed to differ only in amplitude. 
This preliminary experiment indicated that further study 
should be made of the components of the pulse; i.e. to compare on 
and off states, on-going and off-going edges and to compare a 
pulse with a single edge. Some idea of the relative amounts of 
information in steady and transient states would thus be obtained. 
5:2:3 Further ~xperiments 
The patterns presented in the following experiments were 
intended to be a single steady state or a single edge. It was 
necessary to eliminate all other information in the form of 
transients or the second edge. This was ach"ved by vibrating 
the test pin through 9i or 10 cycles of operation at 100Hz, at the 
beginning and end of the pattern. The subject would thus be 
aware of the buzzing sensation but would not know whether there 
had been a net change of state. 
The technique employed in this set of experiaents was not 
the AXBX presentation, later used in all succeeding experiments. 
It was thoug~that the subject would already know what on and off 
states felt like and only two patterns were to be compared. A 
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single pattern only was therefore presented and the subject was 
required to identify it. This would speed the course of the 
experiments. From the hit and false alarm rates, the value of 
d' was computed in the standard manner. 
The ability of the subject to distinguish steady states 
was determined in experiment 15. The patterns consisted of the 
masking buzz, then 0.8 seconds of steady up or down state and 
finally a second buzz. The subject was required to respond 'up' 
or 'down'. Of 200 trials, 37 errors occurred; 84 of 100 
presentations were correctly identified, 21 presentations of 'down' 
state were incorrectly identified. Applying st~dard signal 
detection theory, this corresponds to a value of d' of 1.8 as a 
measure of the discriminability of the steady states. 
It is to be noted that had the subject been permitted to 
move his finger, very few errors would have occurred. AS it is, 
slight tremor and pulsation may have assisted the discriminat~on. 
The distinguishability of transients was studied in a 
similar manner (experiment 13). The patterns this time consisted 
of a masking buzz, then 0.4 seconds of one state, the on- or off-
edge, a further 0.4 seconds of the other state and finally the 
second buzz. The subject this time endeavoured to determine 
whether the transient was off-going or on-going. 
Of 100 trials, only 3 errors occurred; 48 of 50 presentations 
of 'on-going' were correctly identified, 1 of 50 'off-going' was 
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incorrectly identified. This corresponds to a d' value of 3.8 • 
It appears that the subject can discriminate between 
directions of pin motion better than he can between pin states 
(up or down). This may be due to two factors. Firstly, the 
amplitude of sensation is greater for an on-going transient than 
for an off-going: Possibly, the slow recovery of the tisEue 
produces less sensation than the rapid motion of the forced 
displacer:lent. Secondlj-, the steady states are sti~l in evidence 
and are sti~l contributing to the discrimination, the transient 
adds further information. 
To investigate further the hypothesis that an edge may 
feel like a pulse, four further experi~nts were conducted, 
comparing off-going and on-going edges with pulses. 
~xperim~nt 14 compared an on-going edge with an on-going 
pulse in a similar manner to the above; masking buzzes were 
presented before and after the 0.8 sec. interval containing the 
pattern. Three durations of pulse were used, 2.5, 7.5, and 25mB, 
and once more an identification technique was used. 
Tab~e III. 
--r-- - . 
Pulse Trials t;rrors d' d' at 
Duration +1 S.D. 
-
2.5mS 100 13 2.8 2.4-3·1 
?5mS 100 ? 3.4 3·1-4.1 
25.0mB 100 3 4.6 >4.0 
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It will be noted that the on-pulse is readily distinguished 
from the on-edge, but shorter pulses less so than longer ones. 
In experim~nt 16, an off-edge was compared with a 2.5mS 
on-pulse. In 100 trials no errors occurred. It thus seems 
clear that confusion of these patterns is very low. 
A further experiment, number 17, was conducted t~ compare 
off-going edges \Ath off-going pulses of various durations. 
Table IV 
Pulse Trials .t;rrors d' d' at 
Duration +1 S.D. 
2.5m3 200 118 -0.46 -0.25to-0.65 
5.Om3 100 6 3·3 3·7-2.9 
7.51ilS 100 5 >3.6 
The remarkable result for the 2.5mS pulse needs further 
comment. The judgem~nts had been based largely upon the intensity 
and sharpness of the sensation, the pulses feeling stronger and 
sharper. The investigation of the mechanical rasponse of the 
pin array had shown that ~ brief off-pulse did not allow the pin 
to move its full excursion when the pulse was less than }mS long. 
Consequently, the sensation induced by such a pulse would be much 
less than expected and the confusions found in this experiment 
could occur. Had this defect not existed, it seems likely that 
-94-
discriminatioh would have been very much easier. 
To complete this series of experiments, on-going and off-
going pulses were compared in experiment 18. The duration of 
the on-pulse was 2.5mS and that of the off-pulse was varied. 
Table V 
Pulse I Trials arors d' d' at Duration +1 S.D. 
-
----------
----
2.5mS 100 0 
-
5.Oms \ 100 5 3·3 3·7-2.9 
i 
7.5mS 1 I 100 6 3·1 3·5-2.7 
10.0mS 100 2 >4.1 
From these results it seems that on- and off-pulses are 
also readily discriminable. The result for 2.5mS off-pulse is 
probably affected by slightly diminished amplitude of response 
of the pin. 
5:2:4 Summary and Conclusions 
A table giving discriminabilities of edges, pulses and 
steady states is given below. Note that each entry is 
recorded twice, in positions symmetrical about the major diagonal. 
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Table VI 
Values of d' for pairs of patterns. See previous tables 
for explanations of multiple entries. 
n u I L JL T 
n 0 1.8 - - - -
U 1.8 0 - - - -
S 2.8 - - 0 3.8 3·4- ->3·9 
L -0.5 • - - 3.8 0 CD 3·3 >3.6 
JL 2.8 CD • - - 3·4 CD 0 3·3 3·1 >3·9 >4.1 
T -0.5 • CD • 3·3 - - - 3·3 3.1 0 >3.6 >4.1 
Denotes experiments not performed, but likely to Jield 
high discriminability. 
CD No errors, therefore high discriminability. 
• Denotes diminution in amplitude of pin motion. 
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It .. dll be observeEl: that the discriminabili ty of any pair 
of this set of patterns is hig~ with d' better than 1.0. The 
poorest results are those for a comparison of steady states. 
The comparison of edges and pulses is best described by saying 
that on- and off-edges and on- and off-pulses are all easily 
distinguished from each other. 
It is thus to be concluded that it is not possible to 
treat transients and short pulses as similar. 'l'hey possess 
features which enable them to be readily distinguished. 
5:2:5 j)iscussion 
It remains to be decided what comprises the 'features' by 
which the patterns can be identified. 
Transients and pulses would possess one feature in common; 
they wo~ld both initiate a sudden burst of activity from a 
receptor, or group of receptors. 
of discrimination. 
This alone cannot be the means 
An obvious difference between a pulse and an edge is that 
for the pulse the initial and final states are the same, whereas 
for the edge they are different. If this were the sole means of 
discrimination, however, we might expect performance to be inferior 
to that when steady states are compared, because the patterns 
differ for only half their durction. This is not so, hence the 
initial and final states must play only a minor role. 
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Transients will also produce tissue deformation which 
follows a different time course to that produced by a pulse. 
The edge consists of a single transient, whereas a narrow pulse 
consists of two ~ch transients with a short delay between them. 
Some receptors are capable of responding to on-going and 
off-going stimuli (81) so the output from these will depend upon 
the number of edges in the stimulus. Gray et al (,5,49) have 
postulated the existence of two populations of receptors sensitive 
to on- and off-transients respectively. This may be another 
contributing factor to the above results. Possibl. the single 
edge excites only one population, but the pulse excites both. 
5:3 Temporal Factors 
5:3:1 Introduction 
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When experimentation was commenced, it was not intended 
to study the more simple judgements in any detail but merely to 
perform a brief experiment to verify results obtained by other 
workers and thus to increase confidence in the experimental system. 
The results obtained in succeeding experiments, however, demanded 
aa reappraisal and reexamination in more detail of even~e most 
elementary jUdgements. 
Hawkes and Warm (73) have measured the Weber fraction for 
duration of electrical stimulation over the range 0.5 to 1.5 aecs. 
They have found that the Weber fraction decreases slightly with 
increasing duration and also with increaaing intensity, being about 
0.05 for a 1.0 sec duration at 2.0 tim~threshold current. They 
compare their results with those for mechanical vibrator, stimuli 
obtained by Spector, who found that the fraction was approximately 
constant at 0.1 over the range 0.4 to 2.0 seconds, decreasing 
from 0.4 at 0.1 seconds with increasing duration. Both these 
results imply resolution of the order of 50mS for short pulses. 
It waS not intended to duplicate these experiments, but 
to perform a brief investigation of the order of magnitude of the 
limen of resolution over a somewhat extended range. 
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5:3:2 Preliminary ~xperiment 
Five durations from 10mS to 1000mS were compared with 
each other in an AXBX scheme in experiment 4. A aingle pin, C3, 
raised for the appropriate time constituted each pattern. Two 
subjects were used; each comparison was made a total of 30 times. 
The results are plotted in graphical form in Fig. 18. ~ror 
rates have not been converted to d' measures in this case because 
many points represent no errors ( infinite d' ). 
The main feature shown by the graph is that a duration of 
200mS seems to be critical in some respect. Durations less than 
200mS are confusable with each other but not with dUrations 
greater than 20OmS. In terms of the Weber fraction, for durations 
less than 200mS the fraction must have a large value, possibl, as 
great as 3 or more, while for durations greater than 200mS the ~ 
fraction will be much less than 3, Such an interpretation is not 
in disagreement with the results of Hawkes and Warm or those of 
Spector. 
At this stage, it was decided not to pursue this line of 
investigation further, but to continue with a .tudy of the temporal 
integration performed by the tactual system. 
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Single and Double Pulses 
A series of experiments was begun to discover whether 
single and double mechanical pulses could be discriminated and how 
this is done. 
The initial experiment, number 19, consisted of comparing 
single and douvle pulses of short duration, varying the dUration 
of the single pulse and performing an AXBX experiment. The 
double pulse was 5mS on, 5mS off, then 5mS on again; the single 
pulse was of duration 5, 10, 15, 20, 25 or 30mS (specifie. by 
loading the number into the computer core store by hand). The 
single pin was C3 and one subject was used with 120 trials per 
duration. 
Subjectively, the double pulse was usually felt as a 
double sensation and judgement was based ~pon this fact. 
The results are reproduced in Fig. 19 (upper), from which 
it can be deduced that discrimination was not difficult, The 
most 1mp~rtant feature of the graph appeared to be that confusion 
C J.' ... t"~""A.l) 
was maximal}when the overall duration of the double pulse and that 
of the single pulse were equal. Other results might have been 
expected; for example, possib1, maximum confusion might have 
occurred when total 'on' times were equal, i.e. at 10mS. The 
sIlJ/"'~ 
actual results iaa~.at. that the skin is probably not responding 
as rapidly as the pin, hence a more or less steady displacement 
might be occurring during the double pulse. 
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To t~e this study further, another experiment was 
performed, number 20, once more comparing single and double Pvlses, 
but with a slightly different time course for the double pulse. 
At the suggestion of Dr. J.P. Wilson, the sequence was set to be 
2.5mS on, 15mS off, then 2.5mS on once more. This was done in 
order to compare the results for the tactual sy.tem with those 
obtained by Dr. Wilson for the ear with a similar pulse sequence. 
The conditions of the experiment were as previously; pin 
C3 was used with one subject. The double pulse was compared with 
various durations of the single pulse from 12.5mS to 3OmS; the 
number of trials varied from 100 to 300 per point. The trials 
were made in blocks of 100 at a time, all the trials of one block 
being with one duration of the single pulse. The durations were 
chosen in a random order to minimise time-dependent affects. 
The results are plotted in fig. 19 (lower). AS can be 
seen, once more there is maximal confusion (minimum de) when the 
overall durations are the same (2OmS), though at this point only 
1~~ errors were observed. Overall performance implies that the 
discrimination is not difficult. 
The next important observation is that there appear to be 
peaks of discriminability at 2.5mS on either side of the minimum. 
The reasons for the occurrence of the minor peaks was not obvious; 
they were possibly due to the particular time or frequency 
discriminating mechanisms associated with the skin, or to the 
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particular waveform presented. It was therefore decided, before 
proceeding with a s~stematic variation of the parameters of ~he 
waveform, to check the results by comparing two single pulses, 
varying one in duration over the same range of time intervals as 
in the previous experiment. Absence of the peaks in the results 
of this wxperiment would indicate some sort of interaction of the 
time intervals involved in the double pulse, while presence might 
show apparatus faults, failings of the technique or a genuine 
dependence upon absolute or relative durations by the tactual 
system. 
Discrimination of Duration 
The next experiment (number 21) was similar in many 
respects to the previous two. One pulse was maintained constant 
in duration at 2OmS, while the other was varied over the range 
2.5mS to 45mS. Pin C3 was again used, an aXBX presentation schem~ 
and one subject was employed. Once more blocks of trials, 50 
in number this time, were performed at a fixed duration of the 
comparison pulse, and the duration was varied randomly from block 
to block. Most of the points of the graph represent 100 trials. 
The graph (Fig. 20) shows that fluctuations of the error 
rate are apparent in this experiment also. There is a minimum 
value of d' (maximal confusion) once more when the pulses have 
equal durations; peaks and dips are apparent with periodicity of 
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about 5mS. 
If the graphs of results of experiments 20 and 21 are 
compared, it will be seen that they correspond very closely. 
The main difference is simply a vertical shift. This was taken 
to imply two things. First, the fine detail of the curves is 
largely determined by the overall durations of the patterns involved. 
Second, the techniques of measurement and analysis are reliable; 
even with greatly differing degrees of difficulty, similar tasks 
produce similar curves. 
At this p~t it was decided that further study of this 
phenomenon was necessary, In particul~, graphs were required 
for similar experiments with different standard durations to 
discover whether the effect was one of relative or absolute 
durations. 
A further experiment was conducted, similar to number 21, 
but with a standard duration of 12.5mS instead of 15mS. The 
first half of the data was collected in a manner similar to that 
of experiments 20 and 21, changing the duration by manually 
changing the contents of the computer core store and performing a 
whole block of trials with one duration. The exp.rim~nt 
specification was reprogrammed to enable the computer to choose 
which durations to present on a trial-to-trial basis, instead of 
bltck-to-block. The second half of the data was collected using 
this reTised system and was found not to differ aignificantly from 
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the first half. Succeeding experiments of this type were 
performed with the computer choosing the patterns to be presented 
from a large set. This technique ensures that results obtained 
for systematic variation of a parameter are truly comparable; 
estimations of error rates for the various parameter values are 
effectively carried out simultaneously, rather than in some o,-der 
which might allow time dependence to distort results differentially. 
The results of this experiment revealed that peaks and 
dips we~e still occurring, but that the graph wa. not of quite the 
same form as the ~revious one, This indicated that the effects 
were dependent upon the absolute durations involved, not ijust 
differences in duration. 
Three further experiments were carried out (23 to 25), 
each with a different duration for the standard, varying the 
comparison over a range of durations. JSach comparison was made 
at least 100 times. A set of graphs depicting the results ia 
given in fig. 21. 
A somewhat more informative plot results if the curves 
are plotted not against absolute duration, but against difference 
in durations compared (Fig. 22). Such a plot reveals the 
presence of a local peak yalue of d
' 
at 2.5mS on either side of the 
main minimum, followed by local minima at 5mS on either side of 
the main minimum. The shapes of the curves are not exactly 
similar, however. It appears 
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one population consists of those curves whose standard is an even 
number of half periods (2,5mB) long, and the other population has 
a standard an odd number of half periods long. Collecting data 
for 'odd' and 'even' types of curve we can derive two average 
curves (Fig. 23). The two curves bear the similarity that on 
either side of the main minimum there occurs a local maximum, and 
the general shapes are similar. However, the 'odd' curve rises 
more steeply than the 'even' on one side. 
The existence of the effect was checked by running an 
experim~nt (number 67) with two other subjects. 15mS was chosen 
to be the standard and comparisons were made for a range of 
durations. The results are roughly similar in appearance, with 
peaks and dips occurring in the same places, though not all of 
the same amplitude (Fig. 24). The mean over subjects shows the 
fluctuations well. Thus the effect is real and general. 
A more detailed determination of the shape of one of the 
curves was deemed to be necessary. At this point in time, the 
display routine operated in terms of time quanta of 2,5mS. Some 
time was therefore spent in modifying the program to operate with 
0.5mS quanta, the minimum readily obtaina~e. To achttve this, 
the display interpreter was added, extending the usefulness of the 
system by allowing a higher level of language to be use. in the 
experim~nt specifications. 
An initial attempt was made (experiment 26) to determine 
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the shape of a portion of the curve, with a standard duration of 
15mS and comparison which varied from 10mS to 14.5mS in 0.5MS 
steps. The results obtained did not agree with those of the more 
coarse experiment 23 (Fig. 25). It was thought that the reason 
for this non~agreement was that in the fine-scale study all the 
discriminations were difficult, with greater than 3~fo error rates. 
It seemed possible that such a task with high overall difficulty 
was not allowing the subject to be reinforced by obviously correct 
decisions and hence his choice of which dimension to base his 
judgements upon might be subjec~ to variation. To present a 
wider range of stimuli, preferablj the same range as that of the 
previous experim~nts might serve to stabilise performance by 
providing more information to the subject of the correctness of 
his decisions. 
A more extensive experiment (number 27) was planned. It 
was intended to plot the whole of one curve in detail; the standard 
was chosen to be 15mB and the comparison duration was to range from 
2.5mS to 30.OmS in 0.5mS steps. Each comparison was to be made 
100 times, a total of 5500 trials in all. In terms of experimental 
time, this experiment occupied eleven hours, spread over five days. 
AS the time sCale of the proceedings was to be so long, it was 
necessary to spread the presentations of each combination of 
durations evenly throughout the series of trials. It was therefore 
written into the specification of the experiment that each series 
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of trials was to be 110 trials in length, and in each series of 
trials each combination was to be presented twice. Thus any 
variation of performance with time would affect the data for each 
combination equally. 
The results are plotted in fig. 26. It will be observed 
that the graph possesses fluctuations near its left hand side 
which are significantly greater than the possible error in 
measurement. These fluctuations have a periodicity of about 5mS. 
The results of this experim~nt are in quite reasonable agreement 
with those of experiment 23 obtained earlier and over a much 
shorter period. Only one point lies beyond two standard errors, 
that for 25mS, and it is not unlikely that a small change in the 
periodicity of one curve caQld give rise to the other. 
A moving average over five points has been calculated to 
reduce the more rapid variations (Fig. 27). The resulting graph 
shows quite clearly that the fluctuations have a period of about 
5mS and decrease in amplitude as the comparison duration is 
increased. Such a change could easily be the result of slight 
changes in the period of an otherwise regular event which gives 
rise to the fluctuations. The first few cycles will be fairly 
accurately superimposed, but later cycles will become progressively 
more out of step, averaging together to produce a smaller 
amplitude. 
The mean response time of the subject to each pair of 
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durations presented has been plotted in fig. 28. This graph also 
possesses peaks and dips with a period of 5mS, but they are not 
quite so clearly defined. Response time therefore appears to 
yield similar information to error rate concerning difficulty of 
discriminations, but perhaps not so reliably. Response time has 
not been employed extensively in the experiments of thi6 thesis 
as a measure of performance, although it has been recorded for every 
trial. 
The error rate results have been subjected to an auto-
correlation analysis to determine more accurately the period of 
the fluctuations. The autocorrelation function so obtained is 
reproduced in fig. 29. From this curve, it will be observed that 
there is a local maximum of correlation corresponding to a delay 
of 4.5mS, and susidiary maxima at 9.25mS and 14mS. It seems 
probable that the maxima all derive from a basic perioR of 4.6mS 
in the original graph. There is also evidence for a smaller set 
of maxima corresponding to delays of 8mS and 12mS. These could 
result from a secondary period of 4.Oms, the major peak at 4.5mS 
being in fact a compound of two peaks at 4.0 and 4.6mS. 
There thus appear to be two factors at work in these 
experiments, one with a basic period of 4.6mS, and a second, 
lesser effect with a period of 4.OmS. 
There are several possible explanations for the observed 
fluctuations. Almost certainly, at some point in the nervouj 
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system temporal fluctuations of activity are induced with the 
required period, but to decide at what point they are generated 
is difficult. 
The apparatus may vibrate spontaneously at about 218Hz. 
If such vibrations are initiated by the onset of the pulse, their 
time course will be affected by the point in the cycle at which 
the pulse goes off. Thus the stimulus itself may c.~ge in a 
periodic manner with the duration of the applied pulse. 
The tissue of the fingerpad may itself vibrate in a 
jelly-like manner. Travelling waves are well-known on the skin 
and it is possible that they are being set up in this case. As 
above, the point in the cycle at which the pulse is turned off 
will aff.ct the motion of the tissue. Since the response of the 
receptors is dependent upon the tissue motion, information 
transmitted will vary in a periodic manner. 
A third possibility is that the tissue deformation is not 
periodically time-dependent, but is constant throughout the pulse. 
In this case, the receptors would fire repetitively during the 
pulse, possible with a period of about 4 or 5 as. The leading 
edge of the pulse would presumabl, initiate actiYity simultaneously 
in all receptors, their refractory periods would prohibit a 
second impulse from occurring within a rew milliseoonds. They 
would thus fire repetitively but with differing periods close to 
some minimum value. Initially, the impulses would be occurring 
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in phase, but as time proceeded they would progressively become 
~&~"~ 
more out of step until finally their responses were .eefec~.el, 
independent. Thus the decreasing amplitude of fluctuations could 
occur. This hypothesis is perhaps not very likely as it imposes 
a condition of regularity of performance and distribution of the 
receptors which may not be met in practice. 
A final possibility is that the fluctuations reflect a 
central periodicity, perhaps a central clock is set off by the 
start of a pulse and the clock tidks at 5mS intervals. The 
duration of the stimulus is timed by this universal clock to the 
nearest tick. Some mechanism of this sort would also give rise 
to the observed results. 
The problem which remains is to decide which of these 
hypotheses, if any, are correct. 
A direct attempt was made to observe the afferent impulses 
from the receptors. Dr. E. F. Evans endeavoured to record the 
response of the ulnar nerve at the elbow, following a technique 
described by Dawson and Scott (38). Recording electrodes were 
placed on the skin over the nerve about 2cm apart, just below the 
elbow. When electrical pulse stimuli were applied to the wrist 
whole nerve responses could be detected and averaged. However, 
when electrical pulses were applied to the fingerpad the response 
was much less. With mechanical stimulation by a single pin, no 
response could be seen. Even with 35 pins operated simultaneously 
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and averaging over 500 stimuli, no significant response could be 
detected. Further attempts were therefore abandoned. 
Reso~t was made once more to the psychophysical technique 
though this cannot by itself provide explanations of the operation 
of the tactual system. 
The fourth_ hypothesis is the easiest to test. To avoid 
the complications of unwanted mechanical vibrations, however they 
might arise, electrical stimuli were used. Three experiments 
were performed. 
The first experiment was designed to test whether the 
periodicity was central in origin, and ¥a$a modified version of 
experiment 25. ELGEN, a version of GENIE for use with an 
electrical stimulator, controlled the display of patterns. The 
experiment consisted of comparing durations once more, but the 
duration was not defined by the state of a pin or of a current. 
The interval was marked by a O.5mS pulse at its onset and a similar 
pulse at its termination. To generate the pulses, the computer 
supplied triggering pulses through its output register to a pulse 
generator. The output of the generator was set to provide O.5mS 
pulses at about 1.5 times threshold current intensity. These 
pulses were made to drive the constant current stimulator described 
earlier. The electrode was of concentric construction with a 
1mm diameter central active electrode upon which the fingerpad was 
lightly rested. 
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The standard interval was 10mS and this was compared with 
durations from 2.5mS to 30mS in 2.5mS steps. 
The subjective observations were that little variation 
in intensity could be detected as the inter-pulse interval varied. 
There also appeared to be some adaptation during a run. 
The results are plotted in fig. 30 and are based upon 100 
trials for each comparison. }unimum discriminability can be seeD 
to occur when the standard and comparison durations are equal, but 
the rate of variation with duration is much lese than that for the 
mechanical case. There is no conclusive evidence for significant 
fluctuations with a period of 5mS, certainly none in the region 
o to 15mS. 
,au_C 
It thus appears that there is probably not a .peo1 .. , ... 
central mechanism for timing short intervals. 
A similar e~erimmt was conducted which was rather more 
directly related to the mechanical case. In this the duration 
was defined by a steady current maintained for the required time. 
Considerable difficulty was encountered because of the integrating 
properties of the tissue and tactual system. If the current 
amplitude was set at such a level that a 2.5mS interval was just 
above threshold, a 20mB pulse was painful. Ibe range of 
comparison durations was therefore limited to 2.5 to 20m3, iD 
2.5mS steps. Judgements were performed upon the basis of intensity 
to a great extent. 
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The graph of results, Fig. 30, once more does not possess 
peaks and dips, nor perhaps, does it vary quite as rapidly as 
that for mechanical stimulation, although faster than that for the 
double electrical pulse stimulus. 
This result indicates that the pattern of neural impulses 
occurring with such electrical stimulation is not similar to that 
for mechanical stimulation. It is expected that sustained 
current causes ~petitive firing of the receptors but the periods 
probably vary widely,and do not remain constant for a single 
receptor. Probably also the electrical intesrating property of 
the tissue causes staggered onset of firing to such an extent 
that no real correlation of the responses can be said to exist. 
One further experiment was performed to verify that 
synchrony of firing of the receptors might be responsible for the 
general shape of the discrimination curve. 
The stimuli to .e used in this experiment (number 30) were 
trains of pulses 0.5mB in duration, ap~ed at 5mB intervals. The 
standard pattern was three pulses, which occupied a total time of 
1OmS, and this was compared with 1 to 9 pulses. The analogy with 
the mechanical case was that the onset of the duration initiated 
the first impulse and ~brations of some soit ensured that 
succeeding impulses were spaced at 5mS intervals. It was not 
possible to simulate responses to intervals not multiples of 5mS. 
The results (Fig. 31) do not show particularly good 
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agreement with those for mechanical stimulation, but they are at 
least as good a fit as those of the other two electrical experiments 
particularly for the longer durations. 
Perfect agreement was not expected. What these results 
do show is that the method by which durations are discriminated 
may be equivalent to counting neur*l volleys (or integrating them) 
in some way. 
The conclusions to be drawn from these electrical 
experiments are firstly, that the periodicity observed in the 
discriminability curves for mechanical stimuli is probably not 
central in origin but arises at the receptors and secondly, that 
the discrimination of durations may be based upon the number ot 
volleys occurring. 
It would thus appear that mechanical vibrations are 
responsible. It remains to be determined whether they are 
artifacts 01 the apparatus or oscillations ot the tissue. 
The observltions ot the motion ot the pin under 
stroboscopic illumination had revealed some inherent vibration 
and bouncing. However, the time between successive excursions 
was about 2mB and the vibrations appeared to decay rapidly. 
To clarify the issue it possible, an attempt was made to 
record directly the vibrations ot the skin under various 
conditions ot stimulation. At Dr. Wilson's suggestion, an Acos 
GP.77 stereophonic gramophone pickup cartridge was used to detect 
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the vibrations. It was taped to the finger with the stylus 
resting lightly upon the fingerpad. The output voltage was 
observed upon a Solartron CD 1400 oscilloscope. 
Several forms of stimulation were tried; many transducers 
possessed resonances in the region 200-500Hz and were thus 
unsuitable for use. Eventually a dripping tap was employed to 
provide a repetitive impulse, the drop dispersing rapidly on 
contact with the skin. Observations were made with two subjects 
of the psychophysical experiments, HGB and GFP. It was found 
that oscillations lasting several cycles were induced i~he 
unconstrained tissue.(Fig. 32) The period of successive cycles 
increased slightly with time, but the average period seemed to be 
about 2 to 3mS, not as long as 5mS. 
It seemed possible that the pressure of the finger against 
the platform of the stimulator array might change the frequency of 
the oscillations somewhat. It was necessary to observe skin 
vibrations under the conditions of the experiments. 
The pick-up cartridge was again employed. This time it 
was affixed to the platform. One of the stimulating pin. ~ 
remove~ to one side and through the hole was inserted a short 
nylon bristle. One end was glued to the st,lu5 of the pick-up 
and the other was cut to such a length that it protruded about 
0.5mm through the hole. Thus when the subject placed his finger 
upon the array, it was ensured that vibrations of the skin could 
2mS divisions 
Fig. 34/ Mechanical vibrations of the fingerpad, induced bya 
drip of water. 
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be detected. Photographs of the observed waveforms were taken. 
Stimulation was achet ved in the normalI:unanner, pulses being 
provided by a pulse generator at a constant rate. The duration 
of physical contact was observed by connecting a battery and resistor 
in series between the subject and the pins. When contact was made 
a voltage was developed across the resistor aad this was also 
observed on the oscilloscope. 
When a pin adjacent to the pick-up bristle was operated 
two cycles of oscillation with a period of about 1.8mS could be 
seen on the output waveform of the pick-up. The vibrations were 
excited by the onset of the pulse and decayed within a few cycles 
(Fig. 33a). Under some conditions, these oscillations could be 
almost eliminated; the exponential decay of the~race in fig. 33b 
is largely a.result of the t~e constant of the pick-up, and not 
the skin. The amplitude of vibration was maxjmal with light 
pressure exerted. Increasing pressure decleased the amplitude, 
but very heavy pressure was required to suppress it completely. 
It is of interest to note that sensation was also maximal for light 
pressure. 
Pins 2, 4 and 6mm from the pick-up were activated and it 
was found that vibrations were still detectable at the furthest 
distance. Pressure seemed to reduce the range, but· even for 
heavy pressure oscillations were detectable at 4mm. The 
vibrations seem to travel over the top plate of the arraY like 
.-Jr----""'" -....-----
-:/,--.... ---~"'---
a/ Pin 2mm from pick-up, moderate osoillation. 
-~~--------.-----------
b/ Pi n 2mm. from pick-up, small osoillation . 
0/ 
Fig . 33/ 
-\--I'--...... --~ .... ---
Pin 4mm. from pick-upe 
Recordings of motion of fingerpad . Upper traoe is 
output from pick-up. Lower trace is reoord of 
contact between pin and skin . Time divisions 2m3. 
-117-
waves along a rope laid upon the floor and shaken up and down. 
We cannot assume that such a plate will stop waves, as some 
authors claim, but only attenuate them. 
Using two pins on either side of the pick-up, or the 
entire array, no qualitative change was observed in the vibrations. 
They were slightly bigger, and the initial double vibration may 
have persisted a further cycle or two, but the direct noise 
received by the pick-up was also increased. 
The results of these observations indicate that tissue 
vibrations are occurring, largely excited or forced by the pin 
motion, but that they are of a higher frequency than the 218Hz 
implied by the psychophysical observations. 
Support for these conclusions aame later, in a psychophysical 
experiment designed to measure the subject's ability to determine 
simulaaneity. In this experiment two pins were raised with a 
specified delay between them and the subject was required to 
distinguish between this pattern and that in which the pins rose 
simultaneously. Both the delay and the spatial separation of 
the Wwo pins was varied. 
The results (Fig. 34), when plotted against delay showed 
a periodia fluctuation with a period of about 2mS. Also, for 
the pin 4mm further removed from the first, the phase of the 
fluctuations was inverted. This was taken a8 evidence that 
travelling waves were being set up on the akin, with a period of 
of about 2mS and a wavelength of about 8mm. 
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5:3:5 Discussion 
We can now draw a few conc~usions concerning the 
discrimination of durations of mechanica~ pu~ses. 
It seems that mechanic~ vibrations are occurring in the 
tissue, with a period of about 2mS. The .. may be natura~ 
vibrations of the tissue, as the experiments with the unconstrained 
finger would indicate, or they may be forced vibrations caused by 
the bouncing of the stimu~atiQg pin. In Tiew of the fact that two 
components were found in the psychophysic~ fluctuations the truth 
is probably a compound of these possibilities. 
vibrations are probab~y occurring. 
Coupled 
We now come to the problem of the neural coding of the 
durations. It does not see~robable that the 5mB periodic 
f~uctuation8 are purely neur~ in origin. Even if .. suppose 
the onset of the pulse to initiate synchronous firing in large 
numbers of receptors of widely differing characteristic.. we 
should expect very little correlation after only a few milliseconds. 
It is more likely that the mechanica~ vibrations are responsible 
for the apparent synchrony more directly. 
Let us assume that vibrations are occurring at about 
Few receptors would be able to respond at thi. repetition 
rate, but many would be capable of responding at half ~hi. ra~e. 
It is highly probabl, that many receptor. will be phase-looked to 
the mechanical vibrations so that they re.poD~repetiti.ely at 
-119-
4.6mS intervals, i.e. every other cycle. The initial transient 
would excite most of the receptors simultaneously so that they 
would all tend to be in phase with each other, not as two 
populations responding alternately at each cycle. 
The vibrations are observed to decay within a few cycles, 
as do the fluctuations of the psychophysical curves. In view of 
th.,great sensitivity of some of the receptors, of the order of a 
few microns displacement (89), the effect of vibrations may persist 
after they have ceased to be visible but should nevertheless 
decay still. 
The explanation of the observed fluctuations in discriminability 
with duration seems to be as follows. 
The mechanical stimulator seta the tissue in motion at the 
onset of the pulse; most of the receptor. are thus caused to fire. 
Oscillations ensue in the tissue at about 435Hz but as this rate 
is greater than that at which the receptors can respond, they fire 
together every alternate cycle, phase-locked to the vibrations. 
When the off edge of the pulse arrive~ it may occur either 
when a volley of impulses is occurring or between two volleys. 
The impulse patterns set up by the two situationswill be very 
different; discrimination between them will thus be comparitively 
easy. The existence of 'on'- and 'off~sensitive receptors will 
enhance this effect. Discrimination between two durations which 
both end at the same point in the cycle, but in different cycles 
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will not be as easy. In such cases, the difference between the 
two impulse patterns will lie solely in the number of volleys 
fired during the pulse. 
It is worth noting that a difference between impulse 
patterns of only one volley (i.e. 5aS) is apparently detectable 
is 
to some extent. A difference of two volleys,/fairly readily so. 
The difference limen for durations would thus appear to be of the 
order of 10mS for short pulses, after practice, a figure which 
corresponds with that of Gescheider (57,58). 
The preliminary experiment suggests that a different 
mechanism is being employed in the discrimination of short 
durations from that for durations greater than about 200m3; the 
limen for long durations appears to obey Weber's law to some exte~t 
while that for short durations is approximately constant, as 
shown b¥ figs. 21 and 22. 
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2:. The Detection of Simu1taneity 
2:~:1 Introduction 
The study of the abi1ity of the tactua1 system to discern 
simu1taneity is an important one. From the point of view of an 
investigator of pattern recognition, a know1edge of the 1imen for 
simu1taneity wou1d enable him to dedide better which c1asses of 
patterns to present. Those patterns which differ only by a 
relative timing within the limen cou1d be classed together. In 
a more genera1 sense, simu1taneity is c10sely related to the 
perception of movement. 
The effects of simultaneous, or near aimu1taneous, 
stimu1ation of the akin have been interpreted in two ways. 
Studies of the so-cal1ed 'masking effect' of aeTeral stimuli 
applied simu1taneously at severa1 loci haTe been made, and a1so 
of the reso1ution of two successiTe stimuli app1ied to one 1ocua. 
The former situation haa usually been inTe.tigated by 
measuring the thresho1d~intensity of a.particular atiaulua and 
determining how this thre.hold ia influenced when one or mor. 
other loci are simultaneously stimulated. uttal (109) haa uaed 
electrical pulses applied to seTeral fingers; he has found that 
• masking , i8 more pronounced for fingers adjaoent to the maske' 
finger, although the degree of maaking is conaiderable for all. 
Sherrick (101) has determined the time course of the .. aking by 
providing a delay between the two stimuli. He has found that 
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masking is greatest when the stimuli are simultaneous, falling 
off with delay. When the masking stimulus precedes the test 
stimulus by 40ms or follows it by 20mS, the masking effect has 
dealined to a constant value. Moreofer, such masking occurs for 
widely separated loci e.g. contralateral fingers, finger and lip. 
It would thus seem that the effect is central in origin. 
The second way of interpreting the effects of simultaneous 
stimulation of the skin, the resolution of two successive stimuli, 
has usually been concerned with a single locus. Uttal (107) and 
Armett, Gray et al. (5) have employed the technique of applying a 
pulse, the 'conditioning' pulse, and then later a 'test' pulse at 
the same site, determining the threshold amplitude of the test 
pulse as a function of the inter-pulse delay. 
Rosner (95) puts the threshold delay for temporal 
resolution at about 4Oms. Gescheider (57,58), on the other hand, 
estimates it to be only 10mS under optimal conditions for 
mechanical 'clicks'. He has systematically Taried the relative 
intensities of the two clicks and found that resolution is best 
when they are approximately equal in iatensity, rising to 20 or 
30ms for a difference of about 2OdB. Gescheider has applied his 
stimuli to a single fingertip, ipsilateral fingertips and bilateral 
fingertips and found the performances under these three conditioDs 
to differ only slightly, a single finger giTing the best results 
and bilateral fingers the worst. 
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Wie1and (118), in an extension of two-point threshold 
experiments, has presented either a single electrical pulse or 
two pulses at different loci on the volar forearm, measuring the 
temporal delay between the two pulses required for discrimination 
from the single pulse. She claims that the logarithm of temporal 
delay is linearly related to the spatial separation; 
log T = a - b.D 
Where D is spatial separation of the loci, T is temporal 
delay and a and b are constants. 
The masking experiments, while examining dependence upon 
time course and spatial separations, do not explicitly yield 
estimates of the ability of the subject to detect simultaneity. 
The resolution experiments, while being more directly concerned 
with this ability, have not quite come close enough to what w~ 
desired for the furtherance of the present line of research; 
Gescheider has only considered a single locus or two widely spaced 
loci; Wieland has used electrical stimuli upon the forearm and her 
experiments have more bearing upon two-point thresholds than 
simUltaneity detection. In both cases, threshold teChniques haTe 
been employed; for supra-threshold stimuli, results might be 
different. The experiments performed by the author in this field 
AIr\('~ .f ""- , .. ~j4."" -- " ........ 
haTe been a direct investigation of the .et •• taailit1 ~ simultan-
eity and the manner in which this varies with delay and separation 
on the fingerpad. 
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5:4:2 Preliminary ~xperiment 
A short experiment (number 31) was conducted to determine 
the order of magnitude of delays required for resolution on the 
fingerpad. If neural impulses travel at about 10H/Sec then the 
inherent time delay due to the increased path length of about 1cm 
for stimuli at the distal end of the fingerpad should be about 
1mS, which is probably too small to be detected without extensive 
experiments. 
The j::resentation scijeme of the preliminary experimtlnt was 
not hXBX, but a two-alternative forced choice. Two patterns 
were presented, each consisting of two point stimuli, 5mS in 
duration. In one pattern they were simultaneous, in the other 
there was a delay between them of 5, 10 or 2OmS. The points 
were 8mm apart. 
With 40 trials at each delay, there were only 11 errors, 
all occurring at 5mB delay. Thus the limen for resolution must 
be in the region 5-10mS, in agreement with Gescheider. 
The next factor to be investigated was the orientation 
of the pair of loci stimulated. ~xper~nt 33 was performed 
with an AXBX scheme and was intended to test discrimination of 
simultaneous stimuli and stimuli separated by }mS (and 8mm 
spatially) in horizontal (lateral) and vertical (proximal-distal) 
orientations in the same trial aeries. Of 80 trials in each 
orientation, 45% errors occurred with vertical arrangement and 
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only 16~~ with the horizontal arrangement. However, the changes 
...,..,<. 
in orientation during the series of trials ~ found to be very 
confusing, consequently further measurements were required. 
In the same experiment, two-point comparisans were made 
in each orientation; two simultaneous stimuli separated by 8mm 
were compared with a single point in the middle. Only 5% errors 
were recorded in each case. Finally, a simultaneous vertical 
pair was compared with a simultaneous horizontal pair of points, 
also 8mm apar t • The error rate in this case was 15%. 
It was decided to check further the effect of orientation, 
but to compare only in one orientation in one series. In 
experiment 34 two pins 8mm apart in a proximal-distal direction 
were driven by }mE pulses, either simultaneously or with 3mB 
delay between onsets. An AXBX experiment was run. Of 104 trials, 
31% errors occurred, yielding a d' value of 1.4(tO.~r). 
The display was then rotated through 90 degrees in a 
clockwise direction, so that the pins used were oriented laterally, 
and the experiment was repeated. Of 1 04ntrials , 36% were errors, 
yielding ad' value of 1.2 ('t O·l. S'). 
The experiment was reprogrammed so that the array could 
be used in its normal orientation, but two new pins were used, 
now oriented laterally to check that the subject was not di*turbed 
by the rotated display. Of 104 trials, 34% were errors, yielding 
a d' value of 1.3(t O·l.~) 
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The average error rate in these experiments was 33%, 
implying a d' value of 1.3, and the two rates for the different 
orientations do not differ by a statistically significant amount. 
In view of the know~ anisotropy of receptive fields, performance 
may be expected to be slightly better for proximal-distal orient-
ation by perhaps a factor of 1.2. 
not contradict this. 
The experimental results do 
Before proceeding further with the fingerp~d, a simple 
study was made of the detection of simultaneity by various parts 
of the body. The forearm was too insen*itive for experimentation 
with the present system, but it was possible to study two adjacent 
fingers of the right hand, presenting one pin to each finger, the 
index fingers of both hands and the lower lip, though the latter 
was not an easy experim~nt for the subject and the results may 
not be reliable. .t;xperiment 34 was used. When the index 
fingers of both hands were employed, the push buttons were operated 
by the feet. Under each condition, 104 trials were made. 
Table VII 
Sites of StimuLation .l!.irror Rate d' Value d' at .;t1 S1) 
Single forefinger 33% 1.3 1.56 - 1.04-
Two fingers of l~ .H. 29% 1.5 1.76 - 1.2, 
Forefingers of both hands 23% 1.9 2.16 - 1.64 
Lower lip 4Z'~ 0.83 1.13 - 0.53 
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It will be noted that the results do not differ greatly, 
at least as far as the fingers are concerned. However, it does 
seem that for the more widely sepatated loci d' is slightly 
greater. The lips show rather poorer performance, but this may 
be due to lack of practice and the difficulty of maintaining 
steady conditions, rather than any underlying fact concerning 
innervation. 
The next stage in the experimentation was to make a series 
of measurements, varying both the spatial and tempor~ separation 
of the two point stimuli systematically. A number of exper~ents 
were thus run; in each, one of the par~eters was held at a constant 
value and the other was varied over a set of values. 
In this series of experiments, the effect of only one edge 
of the pulse was studied. The pulses were made long, about 100mS, 
to allow transient effects to die down. Their onseta were 
staggered, but they went off simultaneous~y. In each experimant, 
96 trials were made under each condition. 
Experiment 38 maintained the delay at 3mB and varied the 
separation between the pOints from 2mm to 8ma. 
Experimant 39 was similar, but the del~ was inoreased to 
In experiment 42, the delay was 5aS. 
In experiment 40, the aeparation waa maintained at 6aa 
and the delay was varied fro. }as to 1o.s in 1mS step •• 
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Experiment 41 covered the same range of delays, but with 
a separation of 2mm. 
The results have been tabulated for d' as functions ot 
separation and delay (Table VIII), and have been recorded in 
graphical form in fig. 34. 
One effect which will be noted is that the results, at 
first glance, appear to be fairly widely scattered, particularly 
those for delay. This is not solely due to statistical 
fluctuations, since many points are about one standard deviation 
from a smooth curve. If the curves for d' as a function of 
delay are examined, it will be observed that the fluctuations in 
the 2mm and ,6mm curves mirror each other to a large extent. It 
thus seems likely that the fluctuations are real, not experimental 
artifacts. Further examination indicates that the fluctuations 
are approximately regularly periodic, with a period of about 2mB. 
This was taken as evidence that travelling waves are responsible, 
with a period of 2mS and a half wavelength of 4mm to explain the 
resulting curves. It appears to be some confirmation of the 
conclusions drawn from the experiment. upon duration discrimination. 
Let us now consider smooth curves to be drawn thBoughJthe 
graphs of results. We observe that as delay is increased, 
discriminability increases also, more or le •• linearly. As 
separation is increased, however, .8.~."Y ~. waa* -'8A~ ~ ••• .,. 
haY' aeea • .p •• ,.a, discriminability decreases. Temporal 
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Fig. 34/ Simultaneity. Variation of d' with separation and delay. 
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judgements therefore appear to be easier when the stimuli are 
close together. 
When the graphs were originally plotted in terms of d' 
it was noted that the variation of d' with separation ap~ared 
linear on a log-log plot. Thus for each of the curves, 
d' x separation was approximately constant. Moreover, the 
constants appeared to be proportional to the delay. Thus 
d' x separation/delay was also roughly constant over the entire 
range of variation of the par~eters. This function was also 
computed for the full set of observations, and is tabulated below. 
Table VIII Values of d' 
---- - -- -- - - -
-- -----
Delay: 3mS 4mS 5mS 6mS 7mS 8mS 9mS 1QnS 
-1- - ~----------.-----Sepn: 
8mm 0.77 1.10 1.82 
6mm I -0.28 1.00 1.53 1.48 1.89 1.53 2·33 2.50 
4;1 0.88 1.70 2.94 
2mm _2.1_7 ___ ~.56 2.60 4.60 2.71 4.00 5.70 5.03 
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Table IX Values of d' x Sepn/Delay 
~--
-----
Delay: 3mS 4mS 5mS 6mS 7mS 8mS 9mS 10mS Mean 
----_._-
------------
--Sepn: 
8mm 2.05 1.76 1.46 1.76 
6mm -0.56 1.50 1.84 1.48 1.62 1.15 1.55 1.50 1.26 
4mm 1.17 1.36 1.18 1.24 
2mm 1.45 1.78 1.04 1.53 0.77 1.00 1.27 1.01 1.23 
- - - ----
Mean 1.03 1.64 1.50 1.50 1.19 1 •. 07 1.41 1.29 1.31 
It will be noted that although the range of variation of 
the function is from -0.56 to 2.05, half of the values are between 
1.15 and 1.55. Also, the marginal means show no steady trend of 
any magnitude. In short, the value of d' x Separation/Delay is 
approximately constant at 1.31 Metres/Sec. 
The near constancy of this function and the fact that its 
dimension is that of a velocity, immediately leads one to consider 
whether it might be related to the phi-effect and the codditioDs 
for optimum sensation of apparent movement.-
.1£ two separate loci are stimulated in succession, the sensation 
elicited may, under some conditions, be that of a stimulus which 
moves steadily from one locus to the other. This phenomenon 18 
known as the phi-effect. 
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The experiments of Gibson (64) and Sumby (103) concerning 
the phi-effect aave not been performed upon the fingerpad and 80 
it was deemed necessary to perform a simple experiment to determine 
the velocities involved. Two pins of the stimulator array were 
operated by pulses from pulse generators. The pulse durations 
were set to 100mS and the delay between their onsets was variable 
over the range 0-10OmS. The separation between the pins used 
was either 2mm or 6mm. The subject was asked to place his finger 
on the array and to adjust the delay until he felt the best 
movement effect. This was done for the two separations. 
Subject HGB had difficulty in sensing movement and was 
unable to decide upon a best value for the delay. JPW and GFP 
did not have good sensations of movement, but did succeed in 
finding optimal delays. The values the two subjects chose were 
very similar. At 2mm separation the best delay was about 25mS, 
yielding an apparent 'velocity' of O.08H/sec. At 6mm the best 
delay was about 45mS, yielding an apparent 'velocity' of 0.13H/Sec. 
It was thus found that the 'velocity' for best sensation 
was an order of magnitude smaller than the const~t derived from 
the simultaneity experiments and not particularly constant. 
From the graphs of fig. }4, the wavelength and period of 
the travelling waves had been found to be 8mm and 2mB respectively. 
The product of these gives the velocity of the wavea, 4M/sec. 
This value is a factor of 3 bigger than the simultaneity constant, 
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which is, however, Hi tl~in an order of macni tude. 
It is not possible, on the basis of the above results, 
to relate conclusively the constancy of d' x Sepn/~elay in the 
simultaneity experim~nts to the travelling waves in the skin or 
to the ~hi-effect. 
The results of the simultaneity experiments were also 
analysed for symmetry, over all separations and delays. Of the 
1344 trials in which the left pin was raised before the right, 
22.Z~ errors occurred; of the 1344 trials in which the right WaS 
raised before t~e left, 21.2% errors occurred. The difference 
is not statistically significant, and so there is no evidence of 
lateral aSyrililletry. 
,2:4:3 Comments 
The effects of the double pulse stimulation in the 
simultaneity experiments deserves consideration. When the loci 
are widely separated, the receptors they stimulate are different. 
Thus, after a certain separation is reached, we might expect 
discriminability to be constaU. AS the stimuli are moved closer 
together the number of receptors whose receptive field encompasses 
both stimuli increases. When the stimuli are very close, they 
effectively excite the same receptors. From the results, it 
appears that the tactual system is better at resolving time delays 
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when they are presented to a sinGle set of receptors. It is 
easier to determine simultaneity of two pulses travelling down a 
closely related fibres than down those more distantly related. 
For sites very close together the task becomes that of determining 
whether one volley or two occurred. With very short delays as 
well, the refractory period of the receptors would cause the 
second volley to be inhibited, making discrimination difficult. 
5:4:4 Summary 
The discrimination of simultaneity has been investigated 
as a function of spatial separation and temporal delay of the two 
stimuli. 
It was found that discriminability improves with increasing 
delay, but falls with increasing spatial separation on the 
fingerpad. These two effectffiare such that d' x Separation/Delay 
is approximately constant at 1.31M/Sec. 
There is no evidence of asymmetry for such discriminations. 
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2:5 Spatial Factors 
2:5:1 Introduction and Initial ~xperiments 
Some of the simpler spatial effects were investigated. 
~he very first experiments with the full experimental system were 
intended to perform two functions; to map out roughly the range 
of discrimination for various stimuli and to check the well known 
results as a test of the system. 
The firat experim~nt run (number 1) was a determination 
of the ability to localise a single point and compared each point 
in a horizontal row of five, spaced 2mm apart, with every other. 
The duration of each pattern was 100mS and each combination was 
presented 40 times. 
The graph of results (Fig. 35a) shows the value of d' to 
rise monotonically with separation, possibly slackening its rate 
of rise for separations. greater than about 4mm. The separ~tion 
for which d'=1 is very approximately 1.3mm. Bliss (30) has 
obtained similar results with an ABX experiment. 
The next experim~nt (number 2) was performed with a 
vertical (proximal-distal) row of five points upon two subjects. 
Thel~es,lts (Fig. 35b) are similar in that they also show a 
monotonic rise of d' value with separation which lessens its rate 
of rise at about 4mm. The results for the two subjects agree 
very well. 
1.5mm. 
The separation for which d'=1 is very approximately 
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It is well l:nown that the two-point threshold is anisotropic 
(65,32) and that receptive fields ctre likewise. In the case of 
the fingerpad, the threshold in a proximal-distal direction is 
about 1.2 times greater than that in a lateral direction. 'llhe 
above values of d' are similarly related. 
The spatial resolution was also measured in terms of the 
classical two-point thresho~d. In experiment 44, a single pin 
vJas compared with a lJair of pins, oriented horizontally, spaced 
2,4 or 6mm apart. ~ach pattern was presented for 50mS and 
120 trials were made for each comparison in an AXBX scheme. 
The results are plotted in fig. 36. They show that the 
two-point threshold under the conditions of the exper~cnt must 
be very small, less than 2mm. 
AS a general introduction to spatial factors, an 
experiment (number 5) was performed to study the effects upon 
discriminability of various types of distortion of a simple 
A s~t.'" 
pattern. J 'ive points arranged in a quincunx was taken as the 
basic pattern, because it is made of several points and a number 
of simple distortions are possible. The basic pattern was 
compared with the results of applying various operations to it. 
The patterns were each shown for 100mS and each pair was presented 
60 times in an AXBX scheme. 
The results are ShO\ffi in pictorial form in Table X. 
d' 
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Fig. 36/ Expt. 44: Two-point threshold. Discriminability 
ot single pin from a pair ot pins as a fUnction ot 
separation of the pair. 
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Table X 
Basic Pattern: x • ;~ ~Jhere X denotes pin up, 
• X • • denotes pin down. 
! . X 
Distorted ~attern .t.rror Rate d' d' at • 1 Std Dev. 
X • X 
· . . -0.6 to 0.85 
x . X 
X • X 
• X • 0.64 -0.3 to 1.0 
., 
A •• 
XX. 
• X • 0.94 0.54 to 1.34 
X • X 
x .. X 
• X • 17% 1.83 to 2.83 
X • X 
X • X 
• X • 37% 1.10 0.70 to 1.50 
X X X 
X • X 
• X • 38% 1.05 0.65 to 1.45 
X • X 
X 
X . X 
• X • 48% 0.39 -0.6 to 0.85 
X • X X 
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Fro!;} the results it aIJ .. curs that, \-uth one possible 
exception, the various distortions do not have significantly 
different effects upon discriminability. 
The one deformation which gave sUbstantially better 
discrirninability was studied further in experiment 6. In this, 
several versions of the anomalous pattern were compared with the 
original. The effect of the central point was also determined. 
~ach combination was again presented in aXBX scheme 60 times. 
Table XI 
Patterns: 
1 2 .2 4 2 6 
X • X X • X X • • X X . • X X • • X X • X 
• X • . 
· 
• • . • • X • . 
· 
. . . • 
X • X X • X X .X X • X X • X • . X 
X 
Results: 
Comparison a-ror Rate ~ d' at * 1 atd Dev. 
1 Se 2 38% 1.05 0.7 to 1.4 
1 Se 4 22% 1.95 1.6 to 2.3 
2 Se 3 400~ 0.94- 0.57 to 1·31 
2 Se 5 37~ 1.10 0.74 to 1.46 
2 Se 6 42% 0.83 0.41 to 1.2.5 
3 Se 4- 48% 0·39 -0.6 to 0.8 
3 Se 6 30}~ 1.48 1.16 to 1.80 
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The results were further compounded together; 
Centre v. lio Centre (;f 120 trials, 43~~ errors. 
Basic v. Shifted " 240 " " 
d'=~.77!.O.29 
d'=1.21.:!:,0.16 
The results show that the special pattern resulting from 
shifting a corner point is not significantly more discriminable 
than those for other sorts of shift. The discriminabilities of 
variously distorted patterns were found to be not significantly 
different, on the basis of the above results. 
5:5:2 Spatial .t;xtent 
The next factor to be studied was the linear extent of a 
tl ....... e:-
pattern and the 4iW9Piaiaability of an increment, 
In experim~nt 47, each pattern consisted of a pair of 
points in a horizontal row, presented for 50mS. Comparisons 
were made between pins N places apart and pins N+1 places apart. 
The results are shown in fig. 37. The d' measures, based upon 
120 trials, are plotted against the mean separation of the pins 
for the two patterns. The point plotted for 1mm thus represents 
the result of comparing a single pin with two pins 2mm apart; the 
point at 3mm represents the comparison of two pins 2mm apart and 
two pins 4mm apart, etc. 
Several other sorts of p~ttern. were treated in a similar 
manner. ~xperimGnt 48 compared solid rows of N and N+1 pins, th~ 
results being plotted against the mean length of the row. 
~xperim~nt 49 compared patterns which consisted of parallel 
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vertical rows of five pins, separated by Nand N+1 places, to 
determine whether there was any evidence of spatial summation and 
~-r..(f .. ( 
consequent improvement of performance by using/lines instead of 
points. Results are plotted against mean separation. 
~xperim~nt 52 compared solid blocks of pins, five pins 
vertically and Nand N+1 pins wide. Results are plotted against 
mean width. 
For comparison purposes, the value of d' found for 
localising a single point under the same conditions (experiment 
56) is marked on the graph. The two patterns compared in this 
we, ...... 
case WlI!J single points in one of two adjacent positions. 
Comparing spacings between two points under the conditions 
of the experim~ntmn be thought of aa localising a single point 
while a second point is displayed in a constant position. 
Similarly for the parallel lines. 
A further eKPerimant was performed (number 57) in which 
the subject was asked to localise a single vertical line of five 
points, once more with 50mS duration and an AXBX acheme. The 
Value of d' so obtained is also plotted in fig. 37 for comparison 
purposes. 
The several curves obtained do not differ very greatly 
from one another. The left-hand point of all the cur.es is much 
higher than the rest; for the two point and solid row experim.nt. 
this represents comparing a single point with tko adjacent point., 
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a classical two-point threshold test. For the parallel line and 
solid block experim~nt6 it represents comparing a single line of 
five points with a double line of five. The two patterns differ 
by a factor of two in the number of pins activated and spatial 
extent in each case, so this discrimination might be expected to 
be easier than the rest. 
The remaining three points of each curve are rather more 
variable and it is difficult to make generalisations. Indeed, 
if we take the average of all four curves we find it to be iairly 
constant over the three right-hand points. 
What deductions can be made? We JDigh\"expect a law 
.(& .... C. .. 
similar to that of Weber to apply; the ji •• pint.ability of the 
increment might fall linearly with increasing spatial .xtent. 
Such a possibility cannot be ruled out on the basie ot these 
..l~ 
results, but it seems much more likely that the ai ••• '.'.ability 
may become constant for extent greater than 2mm. There may also 
be a difference in kind between the results for solid figures and 
sv.net_ for 
those for the spaced dots or lines. The graph ~ that/parallel 
.l .. ft~ 
lines and points aisl.i.iaability may ultimately increase with 
increasing extent, while for solid figures it may ultimately 
decrease. 
An alternative way of describing the performance of the 
subject to saying that he is estimating a length and discriminating 
on the basis of his estimates is to say that he is endeaTouring to 
ignore the major part of the l;attern· and trying to base his 
judgem~nt upon the position of a piece of it. The latter 
strategy would be eX~iected to yield constant d I for large spatial 
extent. 
It seerlS as though the presence of pins near to the pin 
upon whose position judgem~nt is based can impair that judgement. 
For the solid figure, the effect will be constant and hence so 
'.Vill be d l • For the two lines or two dots, the further they are 
apart the less the effect may be, and hence the better the 
discriminability. 
Adding together the results for the continuous figures, 
and those for the two-part figures we find overall error rates of 
359~ and 261~ respectively. AS these results are each based upon 
720 trials, their standard errors are about 1.7% and thus their 
difference is significant. Performance is better for the two-
part figures, supporting the interaction hypothesis. 
Collecting the results together in a different manner, we 
can determine the effect of vertical extent. Adding those for 
the linear patterns (two points, solid row) we obtain an overall 
er .:'or rate of 32%. Adding the results for the figures with vertical 
extension, (the parallel lines and solid block) we obtain an 
error rate of 3~~. Once more the standard errors are about 1.7% 
so the differences in this case are not significant. 
Thus the vertical extent of the figures does not seem to 
assist or hinder the discrimination. Foley and Dewis (45), 
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studying vernier acuity on the fingerpad, have found that 
increasing the width of the two lines assisted in producing more 
accurate jUdgements. Verillo (111) has found that threshold for 
vibration falls with increasing area of stimulation. Such a 
spatial summation effect does not seem to be at work here. 
To provide more information on this subject, experiments 
were performed to determine the detectability and discriminability 
of gaps. Experiment 51 examined detectability; a row of five pins 
in a horizontal line was compared with a row with a gap of one, two 
or three pins, in an AXBX scheme. For each comparison, 120 trials 
were made, the duration of presentation again being 50mB. The 
results are shown in fig. 38, d' being plotted against mean gap 
size. It will be observed that the gap must be quite large, 
about 5mm, to be detected. Chan (37) has found a similar figure 
1\, .. &~;"toK.s 
for the detection of lIPS in rings, although in •• , ••••• exposure 
time was not limited. 
Experiment 50 was similar to those involving parallel lines 
etc. Gaps in a row of five pins were again used as patterns1 and 
this time a gap of N pins was compared with one of N+1 pins. 
Again 120 trials were made for each comparison in an AXBX scheme 
and the patterns were shown for 50mS each. The results are shown 
in fig. 39. 
In this case we see that the discriminabiiity increases 
with increasing mean size of gap (roughly as the square root), in 
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cor..:'espondence with the riGht-hand points of fig. 37. This 
provides further support for the hypothesis of interaction of 
adjacent stimuli. 
The gap in a row of pins can also be considered to be 
eltuivalent to two separate rows of pins. ~s the gap increases, 
the mutual interaction of the two rows decreases. also the 
rehlaining length of the oriGinal row decreases, sO that the 
increment of the gap represents an increasing proportion of this 
remainder. From this also we should expect performance to 
imIJrove etS the gap is increased. 
~ Gestalt view can also be taken of the situation. Solid 
figures are obviously single entities, while figures with a gap 
in their middle can either be considered as a single whole or as 
two separate entities. Perhaps the increase in discriminability 
of such fiB~res with the width of the gap reflects an increasing 
probabili ty of interl)reting them as two figures. 
The interaction of points and the lack of spatial summation 
observed in the experim~ntal results both require further 
investigation. 
Summary 
In a series Df experiments, the effects of spatial extent 
upon the detectability of an increase in one dimen*ion have be~n 
investig<ted. 
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The detectabili ty of an incre,11ent in dimension is 
significantly greater when the dimension is represented by a 
gap, than when it is continuous. 
There al'pears to be no improvement in performance 
obtainable by extending the figures in a perpendicular dimension. 
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2:6 ~ffects of Spatial Interactions 
Having performed the series of experimunts upon spatial 
extent, and having dedided that there was evidence of interaction 
of stimuli on the fingerpad, it was deemed necessary to pursue a 
study of these interactions in more detail. 
5:6:1 Introduction 
The effects of stimulus interactions have been obser.ed 
by several experimenters. 
Geldard and Sherrick (56) employed 10 vibrators, 
distributed over the entire body. ~ch pattern consisted of 
stimulation at several sites simultaneously. Two patterns were 
presented in succession and the subject vas required to state 
whether they were the same or different. It was found that error 
rates increased with the number of stimuli in the patterns and 
also with the number of loci the two patterns possessed in common. 
Brown et al (36), in a similar exper~ with electrical 
stimuli and 10 sites, also concluded that accuracy of recognition 
declined with increasing number of sites stimulated. Their 
experimunts were performed with the electrodes distributed over the 
entire body and with them on the abdomen only. They concluded 
that accuracy was higher for the more widely disper .. d case. 
Hill and Bliss (125) used airjet attaulatora, one applied 
to each of the 24 phalanges of the fingers of both hands. A 
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single pattern was presented and the subject was required to list 
all the points stimulated. analysis of the results showed that 
once more as the total number of stimulus points increases, the 
number of points perceived increases less rapidly, while the 
fraction of points correctly perceived actually decreases. The 
stimuli applied to the distal phalanges (the fingerpads) were more 
correctly repo~ted than those applied to the other two phalanges. 
The type of interaction which had been encountered in the 
experiments of the previous section were concerned with the accuracy 
of localisation. The investigations of other authors have been 
less specific, being concerned with the detection of the presence 
of stimuli as well as their location. Because of this more 
general approach, certain features of the interaction (e.g. how it 
varies with range) cannot be reliably assessed. A direct study 
of the effect of interaction upon accuracy of localisation of 
elements of a pattern was therefore made. 
The task chosen was the discrimination of pattern. whose 
only difference was in the location of a single pin, which could 
appear in one of two adjacent locations. In this case, the total 
peripheral neural activity should be reasonabl. constant and vary 
mainly in distribution. In the cases studied by other authors, 
the level of activity was allowed to vary widely also. 
An alternative view of the experiments is that the subject 
was required to localise a pin while various distracting influences, 
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identical in the two patterns being compared, were applied. 
5:6:2 Variation across the Finger 
The first experim~nt of this series (number 60) was 
designed to determine the variation in performance associated 
with pasition on the fingerpad. The patterns consisted of 
single pins, of a horizontal row of five, raised for 5OmS. ~ach 
was compared with each of its neighbours 160 times in an AXBX 
presentation. Alternate trial series were made with the array 
rotated through 180 degrees to reduce the effe4ts of 
idiosyncrasies of the individual pins. 
Table XII 
Pins Compared .c.rror Rate d' d' at .:!:1 Std Dev 
-- f---
1 & 2 9.5% 3.14- 2.74 to 3·54-
2 & 3 11% 2.94- 2.64 to 3.24-
3 & 4 171'; 2·33 2.08 to 2.58 
4 & 5 1~fo 2.82 2.52 to 3.12 
From these results it was concluded that the deviation 
from uniformity was not statistically significant. It is possible 
that the task is slightly easier near the edge of the fingerpad, 
but this is not certain. 
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5:6:3 Interactions of Two pins 
The next stage in the investigation was to determine the 
extent of interactions between two pins as a function of their 
relative and absolute positions. The pin upon which discrimination 
was to be based could be raised in one of two adjacent locations. 
The second pin could occur in one of four positions, two in the 
same horizontal row, and two in the same vertical column. The 
second pin was raised and lowered simultaneously with the test pin 
and occurred in the same position in the two p~tterns compared. 
In the same experiment, trials were made without the second pin 
for comparison purposes. 
To stidy orientation effects, four series of runs were 
made with the array rotated through 90 degrees between the series, 
but activating the same pins. AS a further check, one of the 
four runs waS reprogrammed so that the configuration of pins used 
was rotated while the array was kept in its normal orientation. 
Thus several combinations of efents were represented. The two 
possible locations of the test pin could be oriented horizontally 
or vertically; the second pin could be either in line with these 
two locations or perpendicular to their line; it could also be at 
one of two distances from the test Rin. The experimental results 
have been summed in various ways to show dependeno. upon each of 
these factors in turn. 
Once more, the' patterns were displayed for 50mS in an 
AXBX scheme. 
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The results are presented in graphical form in fig. 40. 
Graph al shows the results broken down fully according to whether 
the test pair of positions were oriented vertically or horizontally, 
and whether the second point was in line with or perpendicular to 
the line of the test points. The discriminability is plotted as 
a function of distance of the second point from the peir. Each 
point represents 240 trials. 
Graph bl shows the same results summed over orientation 
of the second point, also plotted as a functian of distance of the 
second point from the first, Each point on this graph represents 
480 trials. It will be observed that discriminability for 
horizontal orientation of the test pair is a factor of 1.2 times 
better than that for vertical orientation, both for a single point 
only and for the two point case. This is taken as further 
confirmation of the anisotropic sensitivity of the fingerpad. To 
achieve the samadegree of discriminability, the positions compared 
in a vertical orientation must be 1.2 times further spaced than 
those oriented horizontally. This is in correspondence with the 
results of Gomulicki and Zangwill (65), who found that two-point 
thresholds bear a similar relationshi~ on the fingerpad. 
Graph cl shows the results summed over the orientation of 
the test pair, so that the two cases considered are 'in-lin.' and 
'perpendicular'. They are once more plotted against distance of 
the second point with 480 trials per graph point. It will b. 
observed that for the larger separatioD, the two situationB are 
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equivalent, but for the smaller separation the interaction is 
greater for the perpendicular Case. A possible explanation is 
that in the in-line case, the maximum separttion of the two points 
is 4mm, while for the perpendicular case it is only 2.83mm (the 
minimum separation is, in each case, 2mm). Thus the former might 
produce a greater difference between the patterns of neural 
excitation than the latter. 
Graph d/ shows an overall average, formed over all 
orientations. ~ach point is therefore based upon 960 trials. 
It will be observed that the interaction falls off with increasing 
separation, though it is still in existence at ?mm. 
Variation of Interaction with Separation 
The next step in the investigation of interaction was 
to perform experim~nts in which the separation of the interacting 
points was varied in small steps over a range of values. Because 
of the anisotropy of the fingerpad, the separation was varied in a 
proximal-distal direction, so tnat the effect of a 2mm step would 
be as small as possible, being made in the direction ot least 
sensitivity. 
Two experiments were performed. In the first (number 66) 
the pair of possible locations ot the test pin were oriented 
vertically, the second pin being in one ot five positions in line. 
In the second experim~nt (number: 69) the test pair were horizontal 
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and the second pin was in one of six positions in perpendicular 
orientation. In each case, trials were also made without the 
second pin. The duration of the patterns was again 5Oms, and 
they were presented in an AXBX scheme, 120 trials per combination. 
The results are shown in fig. 41. The value of d' is 
plotted against the average separation, i.e. the separation of the 
second pin from a point midway between the two test locations. 
From the graph, it can be seen that,for separations less than 
4mm at least, the degree of interaction increases as separation 
decrease •• For distances greater than 4mm interaction is 
approximately constant for the case of a vertical test pair, with 
the second pin in-line. The other case seems subject to large 
fluctuations, with a period of about 4mm. The reason for this i. 
not clear. But for the point at 6mm, which is statistically 
significantly deviant, it would be possible to conclude that the 
'.u,'- ~ 
two curves are similar. I. 888a8 .Aa~ travelling waves may be 
responsible, the points of one curve possibl. being associated 
with nodes, those of the other with antinodes. 
It seems that even for large distances, interaction still 
exists. The two curves level out at values of 4' below those 
obtained for single points, thus indicating that the interaction 
is widespread, covering an area at least the size of the fingerRad. 
It may also be comprised of two components, one with a range ot 
about 5mm, which may be due to the deformation of the akin, and the 
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other Vii th ~'.n indefinite ranee which is probably neural in origin. 
5:6:5· Interaction of a Humber of Points 
Having determined the range and degree of interaction of 
t .. ·[O pins, the next stage was the investigation of the effects of a 
number of pins upon the same task • 
.c.xperiment 68 was designed to comPlre the int.eractions of 
up to three pins. The basic task was as before; one pin could be 
r~sed in one of two positions, C2 or C3, adjacent in a vertical 
direction. The extra points numbered one or two and were C1, 
C1 and c4, a3, or A3 and ~3. Thus the effect of one or two points 
in line with or perpendicular to the test points could be studied. 
Once more, each pattern lasted 50mS and 120 trials were made with 
each combination in an aXBX scheme. 
The results are given in the table below. 
Table XIII 
.c;xtra Points .l:!;rror Rate d' d' at. +1 atd Dev • 
None 12~~ 2.82 2.42 to 3·22 
C1 20'~ 2.09 1.79 to 2.39 
61 & c4 40% 0.94- 0.64 to 1.24 
.4.3 25% 1.76 1.46 to 2.06 
43 & ~3 31% 1.42 1.12 to 1.72 
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From the table, it can be se..:n that as the number of extra 
points is increased the value of d l decreases. However, for one 
perpendicular 
extra point the interaction appears to be greater for the tw-xx.. 
case, while for two points it is greater for the in-line case. 
The results have therefore been summed together and 
presented solely as a function of the number of pins. 
Table XIV 
Total Pins uror Rate d' d' at .:!:,1 S.D. 
-
One 127~ 2.82 2.42 to 3·22 
Two 22.5% 1.92 1.72 to 2.12 
IJ.'hree 35.4% 1.19 0.99 to 1.39 
It appears from these results that increasing the number 
of pins reduces dl. 
A further experimunt (number 70) was conducted upon two 
subjects to determine the effect of three and four extra pins 
as well. The details are as for the precelding experiment, and 
the results are presented in tabular and graphical form. 
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Table XV 
l!ixtra Points Total no. Subject HGB Subject IMK 
~ 
of Pins .tOrror Rate d' ~ror Rate d' 
I 
None 1 8% 3-38 20% 2.09 
C1 2 28% 1.59 22% 1.95 
I 
C1 & c4 3 34% 1.26 I 3~ 1·31 
C1, e4 &: a3 4 45% o0;J 39% 1.00 
C1, e4, A3 &: t;3 5 40% 0.94 40% 0.94 
-- - - -
-
-
From fig. 42 it will be obserTed that within the limits 
of error of the experiments, the discriminability of the patterns 
I 
falls with increasing total number of pins. MoreoTer, on a log-log 
plot the results approximate to a atraight line with slope 
approximately -1 (tbB dotted line) i.e. the Talue of d' is approx' 
imately inTersely proportional to the number of pins in the pattern. 
Hill and Bliss (124) concluded, from analysis of their 
experim~nt, that increasing the number of stimuli in the pattern 
iliiillll.liiiil~ localisation, though net as rapidly as in 
experiment 70 abOTe. Their stimuli ar~ howe~ert rather more widely 
dispersed than those of the experim~nts upon the fingerpad. In 
the latter case, there may be interaction of the deformations of the 
skin resulting from mechanical stimulation. 
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5:6:6 Comments 
The results of this section may be indicative o~n 
homeostatic system, which adjusts its gain to maintain a constant 
level of signal emerging from it. If such a mechanism exists in 
the tactual system, as more pins are raised to form more complex 
patterns and the receptor response is increased, 4 •• I i7 the gain 
would be reduced to maintain a constant level of activity at its 
output. Thus the difference between patterns of neural activity, 
resulting from the two positions af a single pin among many, would 
~~~ 
~propoitionately less as the total number of stimulus points 
increased. Hence, the discriminab11ity would decrease. 
The existence of much inhibition, even at the level of 
the spinal relay (43), lends weight to the possibility of such a 
mechanism. 
An alternat~view vI.l. ~e that the tactual system might 
deteraine the position of the centre of graYity of the pattern, 
discrimination being based upon this ayerage position. The more 
pins that are present in a pattern, the less effect the position 
of anyone of them has on the centre of gravity, and hence the 
less the discriminability. 
The manner in which the degree of interaction yaries with 
range suggests that two mechanisms may be inYolYed. For distances 
greater than about 4mm on the fingerpad, the interaction ap~ars to 
. 
be approximately constant. From the work of others, it also 
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appears that interaction exists even when stimuli are applied to 
locations spread over the fingers (124) or the entire body (56). 
This component of the interaction must therefore reflect a general 
wide-reaching convergence of information in the somatosensory 
system, which is a property of the neural organisation. 
For distances less than 4mm on the fingerpad, interaction 
increases as range is decreased. Since the range of deformation 
of the skin by a point stimulus is of the same order it seems 
likely that this component of interaction results from the physical 
properties of the skin and the stimulus. 
2: 6 : 7 Summary 
It has been found that the pre.ence of extra point stimuli 
impairs the ability to distinguish between two possible positions 
of a point. 
The impairment decreases with increa.ing .eparatioD up to 
about 5mm, whereafter it may be approximately constant. 
The impairment also increases with the Dumber of extra 
points. 
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5:7 Pattern Duration 
5:7:1 Introduction and Preliminary ~xperim~nts 
In the previous series of experiments, the effects of 
some spatial properties of the patterns upon a spatial judgement 
had been investigated. In the succeeding experim~nts, the effects 
of a temporal property, namely dutation, were also studied. 
There is evidence of temporal summation in the tactual 
system. Verillo (112) has reported that for stimuli of several 
square millimetres in area applied to the fingerpad, temporal 
integration does occur. For stimuli of small area, however, he 
finds no such integration. Berglund et al (20) have found intensity 
of sensation to increase linearly with dura,ion of presentation, up 
to about 20OmS, whereafter it is constant. 
It seems thus that there exists some form of temporal 
integration as far as thresholds and sensation magnitudes are 
concerned. It remains to be determined whether the same is true 
for discriminating features of, patterns other than simple presence 
or absence of a point. Information concerning position might be 
accumulated by the tactual system over a period of time or might 
be present in even the most brief of supra-threshold patterns. 
To resolve the question, a series ot experimvnts was 
performed in which the subject was required to discriminate between 
patterns which differed spatially, while the duration of presentation 
was varied. 
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The first type of experim~nt to be employed in this way 
was a two-point threshold test (number 45). A single pin was 
compared with two adjacent pins, 2mm apart, and the duration of 
presentation was varied, the duration of all four patterns in the 
aXbX scheme being the same. With each duration, 120 trials were 
made. The results are tabulated below. 
Table XVI 
Duration aror Rate d' d' at .!. 1 S.D. 
3m3 6% 3.77 3.27 to 4.27 
10mB 7')~ 3.56 3.06 to 4.06 
30rnS 5% 4.00 3.50 to 4.50 
50mS 3% 4.60 3.90 to 5.30 (expt 44) 
The error rates were so low that they were liable to be 
affected strongly by a momentary lapse of concentration by the 
subject and are thus at almost the limit for usable results. A 
task which incurred much higher error rates would provide more 
reliable results as well as a greater range and improved resolution. 
AS response in the previous experim~nt was based largely 
upon the intensity of sensation, it was felt that if the number at 
pins in the two patterns were equal the task would be made more 
difficult and would be one relating to spatial properties alone. 
The patterns were thus changed to a/ two pins separated by 2mm, 
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and bl two ~ins separated by 4mm, horizontally. The Bask can be 
thought of either as a judgement of the separation of the pins, or 
as a judgement of position of one pin in the presence of a second. 
The subject, however, was merely asked to discriminate to the best 
of his ability, in whatever way he felt best. 
In this experiment (number 46) 120 trials were made with 
each duration, in an AXBX scheme. 
Table XVII 
Duration ,t;rror Rate d' d' at ,:t1 S.D. 
3mB 37i~ 1.10 0.85 to 1.35 
10mS 32% 1.37 1.12 to 1.62 
30mS 315~ 1.42 1.17 to 1.67 
These error rates were now suitable for analysis and 
furhher trials could be made with various other durations. 
5:7:2 }~in ~xperiments 
a series of further experim~nts was performed. In each, 
three durations were involved, one of which had been preaented in 
a previous experiment to enable consistency of results to be checked. 
In each experimvnt also, the three durations chosen were spread 
over the range 3mS to 1000mS in an endeavour to maintain st~ility 
of performance. The results are shown dotted in fig. 43. 
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J.,~~~ .. 
The results indicate some de~eBee upon duration, particularly 
for durations less than 15OmS. However, there being much 
variability between points on the graph, it was decided to perform 
another experiment in which data was gathered for all durations in 
the same series of trials, to minimise effects of variation of 
performance with time. ~xperiment 64 was therefore set up. In 
this, trials were made with durations chosen from the whole range 
3mS to 1000mS and not just from three values. The patterns use' 
in this experim~nt were slightly different from those of the 
previous experim~nt to gain information about the effect of pin 
separation. The two pins were separated by 6mm or 8mm. For 
each comparison 120 trials were made. The results are also 
plotted in fig. 43. 
For comparison purposes, a similar experiment to number 64 
was set up. In this (number 65) the two patterns were single pin 
patterns only, the pin being raised in one of two adjacent locations. 
Fig. 43 shows the results of these experiments for one 
subject (RGB). Fig. 44 presents the results of experiments 64 and 
65 for two subjects, the lines being drawn through the mean values 
of d'. 
It will be noted that there is an improvement of performance 
with increased duration. The slope ia, however, slight; it appears 
that d' varies approximately as the fourth to sixth root of duration. 
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5:7:~ Discussion 
A number of possible outcomes of these experiments might 
have been expected a priori. 
Firstly, discriminability could have been expected to 
remain constant, independent of pattern duration. If positional 
information is conveyed by the distribution of activity in the 
peripheral fibres, then suffieient data for correct localisation 
may be transmitted by even very brief stimuli. Some slight 
improvement might result from averaging over longer durations to 
reduce statistical variation of the neural responses. 
Secondly, if a simple integration mechanism exists, similar 
to that postulated by Zwislocki (123) in the auditory system to 
account for temporal integration, then the curves would be expected 
to rise linearly with increasing duration until a critical duration 
is reached, whereafter they would remain constant. 
Thirdly, the results might indicate the presence of a 
channel of communication with limited capacity. In this case, 
information, in the mathematical sense, would be accumulated at a 
constant rate until all had been transmitted, whereafter no 
improvement of performance would result. Since the value ot d' 
is apprOximately proportional to the square root ot intormation 
content (See ~ppendix), d' would, in this ca.e, increase with the 
square root of duration. The turnover points ot the curves would 
probably occur at different durations, possibly at a critical value 
of d'. 
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~xamination of the curves obtained from the experim~nts 
reveals that they rise slowly over most of the range of durations, 
certainly slower thai the square root of duration. It is possible 
that they may become constant at about 150mS ( a duration which 
corresponds approximately with the turnover points determined by 
Berglund et al. (20) ) but in view ot the variability ot the points 
plotted this cannot be confirmed or denied. It is not even possible 
to say whether all the curves possesG a turnover point, let alone 
whether such points are at one or several durations. 
The one fact to emerge with certainty is that performance 
is better for the single pin experiments than for those of two pins. 
The conclusiomdrawn tentatively from the results.a. that 
positional information can be conveyed within a short sPkce of time and 
accuracy increases only very slowly with increasing duration. 
Possibl" therefore, the first hypothesis may lie closest to the 
truth. 
5:7:. Summary 
It has been found that discriminability of patterns 
differing in the location of a single pin increases with duration 
of presentation. The rate of increase is slow; d' increas.s 
approximately as the fou~th to sixth root ot duration. 
At all durations, performance is better for t single pin 
pattermthan for patterns of two pins. 
5:8 Summary of ~xperimental Results 
Transients: On-going and off-going edges of a pulse can be 
distinguished. They can also be distinguished from brief pulses 
of either polarity, though confusion increases aa pulse duration 
decreases. Steady up or down states of the pin can also be 
distinguished. 
Durations: The difference limen for duration of pulses is about 
1~S. The discriminability of duration for two pulses fluctuates 
in a periodic manner as the difference in duration is increased, 
probably due to mechanical vibrations of the tissue. 
Simultaneity: The distinguishability of simultaneity from 
delayed occurrence of two pulses increases as the delay is increased, 
and decreases as the spatial separation is increased. 
The detectability of differences in spatial 
extent for several types of pattern decreases rapidly at first with 
increasing extent, then less rapidly. Lateral extension of patterns 
did not appear to improve discrimination. The detectability of an 
increase in a gap in a row of pins increases steadily with the size 
of the gap. 
Spatial Interactions: It was found that the presence of 
~~tr' ~peleva •• pins impairs the ability to distinguish between two 
possible locations of a single pin. The impairment decreases with 
separation up to about 5mm, whereafter it is approximately constant. 
The impairment increases with the total number of pins in the pattern. 
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Duration:of Presentation: It was found that discriminability 
of two patterns,differing only in the location of a single pin, 
increases with the duration of presentation of the patterns. 
The rate of increase, however, is low, varying perhaps as the 
fourth root of the duration. 
Discussion of the Lxperim~nts 
6:1 Introduction 
In the previous chapters, the work of building the 
experimental system and of performing the experiments was described. 
In this chapter, there follows a discussion of the conclusions 
reached. These fall into three categories, relating to the 
technique of experimentation, the human tactual system and the 
construction of aids for the blind. 
6:2 Technique 
4 program has been written for the PDP-8 computer which 
can perform a variety of psychophysical experiDbnts and produce 
a permanent record of every trial. In principle, it can be used 
to control the display of visual or auditory patterns <e.g. by 
operating a parametric talking apparatus) instead of tactile 
patterns. Features have been incorporated into the program as 
the need arose and the whole has been thoroughly field-tested. 
A program to analyse the records in detail has also been written. 
Both programs are now in a form suitable for general use. 
The tactile display apparatus has been mOdified to make 
it suitabl~ for use under computer control. Experience has shown 
that the electro-mechanical display can be usefully employed, 
though perhaps a piezo-electric display would re.pond better to 
transients and brief pulses. 
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The experiments have demonstrated that the AXBX presentation 
scheme possesses certain advantages. Because the decision 
criteria for similarity can be to a large extent independent of 
the type of discrimination, it is possible to mix the typ •• 
presented in a series of trials, thus measuring two or more 
confusion rates effectively simult,neously. Comparisons can, 
therefore be made of the results for several different types of 
task with the knowledge that the experimental conditions and state 
of mind of the subject were similar for all. 
It has been found, from experiment 26 (page 1.06), that it 
is advisable to intersperse easy and difficult tasks in order to 
stabilise the subject's performance. The AXBX presentation 
allows this to be done freely •• ita •• ix-" •• tt., 
It was found that the duration of a series of trials 
should be less than fifteen minutes to avoid fatigue. Ten 
minutes is a convenient duration, representing about 100 trials, 
which allows the subject to maintain his interest. AD interval 
of a minute or two between trial series also~r1preTents the finger-
pad becoming numbed by pressure against the stimulator. 
The interval between patterns of a single trial should not 
be made too short. The interval of 0.5 sec, used in the 
experiments, between patterns of a pair, is perhaps the minimum 
for negligible interaction between the patternsJ it takes thia 
length of time for sensation to decay after atimulation. AD 
interval of one or two seconds would probably ensure no unwanted 
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interaction occurs. 
Estimates have been made from the results of the experiments 
of the quanta of distance and time suitable for pattern presentation. 
'·r ..... 
The limen for localisation is about 4mm for a single pin, that for 
duration discrimination is about 10mS. In the latter case, it 
must be noted that if the effects of travelling waves are to be 
investigated, then the quantum of time must be reduced to about 
1mS. In the former case, as patterns become morec.mplex, the 
limen for localisation of a single pin increases in size. The 
,. $"- .... 
estimate of ~ for the quantum is therefore a minimum value. 
The possibility has not been investigated, but should be recognised, 
that for complex spatio-te.poral patterns, some limens for time 
may be increased. In view of the relationships between apace and 
time <e.g. in the case of simultaneity judgements) the limens 
should not be regarded as constants; they merely express orders 
of magnitude. 
The experimental results have also indicated the usefulness 
of the various measures of performance. Reaction times, while 
varying in a manner corresponding to that of error rates, do not 
vary over a comparable range and are seemingly more random in 
their variation. It is not so easy to fit theoretical explan-
ations to response times as to error rates. 
During the course of the experim~nts, the d' measure has 
proved to be both reasonably stable and informative as a measure 
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of subject perforuance. The conversion of error rates to d' 
values has often resulted in an approximately linear function 
relating ut to parameters of the experiment (e.g. in the 
experiments upon simultaneity). In experiments 20 and 21 it has 
yielded curves which appear very similar in shape for similar 
tasks (more so than those of error rate), while representing very 
different absolute levels of discriminability. Such satisfactory 
outcomes indicate the suitability of d' as a measure of performance. 
6:3 The Tactual System 
6:3:1 Preliminary Comments 
Before proceeding with a discussion of the experimental 
results in the context of the human tactual system, it is woithwhile 
to make some preliminary points. 
In chapter two it was shown that the information encoded 
by the receptors is relayed several times before it reaches the 
cortex. at each synaptic level there is not simply a relaying 
of impUlses from one neuron to another, there are a great mmy 
lateral exchanges as well. }~ny of these exchanges are mediated 
by interneurone and there is widespread convergence and 
divergence of fibres. a certain amount of processing is 
therefore being performed at each level. 
If stimuli are observed to 'interact' in some way, not 
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being simply independent, then they must lie within a 'stimulus 
catchaent region' of the particular process involved. The 
catchment region may extend widely spatially. Stimuli widely 
separated over the body may mutually interact, as in the 
experiments of Geldard and Sherrick <56), indicating an extensive 
catchment region, and possibly interaction at a high level. 
Stimuli on the fingerpad have alGo been found to interact in 
positional judgements, implying a catchment area at least as 
large as the fingerpad. 
Convergence is not limited to spatial factors. It 
is not possible to say that the nervous system treats space and 
time as sep~rate dimensions, for space and time have been found 
to interact on the skin, as shown in the exparim~nts upon 
simultaneity. 
The picture is thus of a hierarchy of transformations of 
the original input, in both the spatial and temporal domains. 
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6:3:2 Eechanics of the Skin 
If the forearm or thigh is tapped with the point of a 
pencil, waves will be seen to travel large distances. The 
tissue will appear to vibrate, as a jelly, and the vibrations 
will die away within a second or so. If the pencil is pressed 
steadily into the skin, when the vibrations have ceased it will 
be seen that there exists a region of indentation around the point, 
extending some distance, and the amount of indentation decreasing 
with distance. On the finger~d the range of the indentation 
is one or two millimetres. The waves travel rather too fast 
to be observable with the naked eye. 
A simple system which displays similar properties is a 
membrane subject to surface tension, a restoring torce proportional 
to displacement and some form of damping. If an ideal membrane 
with surface tension only is deforme4 and then released, travelling 
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waves will be observed which eventually reach all regions. If 
the membrane is subject to an additional restoring force the waves 
will be dispersive; different spatial and temporal components of 
frequency will travel with different velocities. The shape of 
the wave will therefore change with time and distance travelled. 
If there is in addition, a damping force, then the energy of the 
travelling waves will decrease with time. 
Another interesting phenomenon can be observed, 
particularly well on the fingerpad, which is not predicted by the 
simple membrane model. If the pencil point is pressed into the 
fingerpad and then released, in addition to the initial rapid 
partial return, the tissue flows back slowly, perhaps taking 
several seconds. Sensation also persiats during the aotion. 
The ideal membrane model does not take account of the slow tissue 
motion, nor of lateral motion, but is a useful approximation. 
To gain further insight into the mechanical properties of 
tissue, a computer program waa written to display the behaviour of 
an ideal membrane in slow motion upon the 338 Tisual display. 
The parameters of membrane tension, restoring force and damping 
could be adjusted on-line by means of potentiometera connected to 
the analogue inputs of the analogue-to-digital conYerter of the 
PDP-8. The initial conditions of .embrane position &nd Yelocity 
could be 'drawn' upon the screeD with a 'light peD'. Oenatraiata 
representing the atimulator platform and pins could alao be drawn 
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in. In ad~ition, a graph could be displayed which depicted 
displacement of a chosen pOint plotted against time. 
Thus the parameters could be adjusted until a suitable 
model for the fingerpad tissue w~s found. The effects of a 
number of different mechanical stimuli could be represented. 
~&~~ Fig. 45a shows the response of the model to a ~ of pins 
which are suddenly raised, held steady for a time, and then 
lowered. In pictures 1 to 6 the 'shock-wave' can be seen 
spreading from the site of stimulation, and oscillations can be 
observed, particularly in the region between the pins. 
In the steady state (picture 7) it can be seen that the 
membrane sags approximately expinentially on each side of the 
pair of pins. Between the pins, however, the displacement is 
greater than it would be for either of the pins alone. In this 
region, the deformations due to the pins individually can be said 
to interact. 
On rem.val of the pins, the membrane collapses back to 
its rest state against the platform, the effects once more 
spreading at a finite rate. 
Graph 45b shows the variation of the displacement of a 
point on the membrane with time. Oscillations are induced by the 
transient, and the point settles gradually to its steady state 
position. There are delays between pin .otioa and motioa ot the 
chosen membrane point. 
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From the model and from observations of the skin, it will 
be realised that the application of an arrangement of raised pins 
to the skin will inevitably bring about several effects associated 
with the mechanical properties of skin. Firstly, from each pin 
will spread out a series of travelling waves. The behaviour of 
these will be influenced by the presence of other pins and also by 
the boundaries of the tissue. Oscillations of the tissue may be 
set up and these will die away. When a steady state is reached. 
the surface of the skin will be indented at the pins and also over 
a small range about each pin. 
Thus, elen before the pattern is encode. into neural 
impulses it has undergone a spatia-temporal transformation, and 
one which is too important to be ignored. 
The results of the experiments upon durations show that 
the initial vibrations of the skin are detectable, small differences 
in duration causing periodic variation 'of d' di.cr~nability. 
The effect of the vibrations seems to be much reduced by about 
30ms after onset. 
6:3:3 The Receptors 
Let us now consider what is happening in the encoding 
process. Mountcastle (89,116) has found that a power law 
appears to be applicable; the firing rate of si. receptor, a 
Pacinian corpuscle, varies roughly as the square root of the 
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amplitude of indentation of the skin. With steady vibration he 
has found that the neural impulses are frequently phase-locked to 
the mechanical vibrations. It has been suggested in section 
5:4:5 that the results obtained for duration comparison experiments 
can be explained in terms of such phase-locking of impulses at 
4.6mS to mechanical vibrations at twice the frequency. Moreover, 
it wou~d appear that differences in total number of volleys of 
only one or two can be detected, at least for very short durations. 
The phase of the skin vibration when the interval is terminated 
appears to be important. One can readily see that markedly 
different patterns of succeeding activity may be set up for pins 
withdrawn at different points in the cycle of vibration. 
That on- and off-going edges can •• distinguished has also 
been demonstrated. This may be due to the presence of 
specialised on- and off- sensitive receptors, as postulated by 
Gray et al. (5), or simply to the different time course of the 
deformation of the skin at the two edge.. Pins rise rapidly, 
causing very rapid deformation of the tissue, and presumably 
vibrations. vfuen the pin is retracted it may well fall before 
the skin, leaving a deformation which may take • coapar.ti.ely 
long time to reco.er. The off- edge will therefore f.el much 
gentler and more diffuse, as has been observed. 
The mechanical properties of the skin also gi.e rise to 
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spatial interactions. The receptive field of a fibre is 
determined in part by the sp&tial distribution of its endings, 
and in part by the properties of the skin above it. ~ven if the 
endings could be considered to be concentrated at a single point 
in the tissue, because of the range of the indentation produced 
by a pin, the pressure at a receptor will be changed by the 
application of a stimulus even several millimetres away. A 
pressure receptor at a point in the tissue would thus appear to 
have a receptive field of several millimetres diameter. The 
fact that receptive fields are known to overlap might merely 
reflect the fact that receptors are closer together than the range 
of indentation of the skin. 
Receptive fields are, in general, anisotropic, and have 
been found to be so for the fingerpad in these experiments. 
If a point is pressed into the fingerpad, it will be observe* 
that the depression produced is oval, with its long axis in a 
proximal-die tal directiGn. This may ba an explanation ot the 
anisotropy otiserved in the experiments, or at leaat, a contributory 
factor. It is a further example of the degree to which the 
structure of the fingerpad can affect psychophysical and performance 
of the tactual system. In the exp.rim~nta. the anisotropy see .. 
to be representable by a scaling factor for dimensions in the 
proximal-distal direction of about 0.85. 
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For points close together, it will be realised that the 
indentations 'interact'. They do not do so linearly; two pins 
very close together produce almost the same pattern of indentation 
as a single pin. Thus, small changes in the position of one of 
the pins produce changes in the indentation pattern which are 
influenced by nearby pins. The neigbouring pin itself forms a 
barrier; the changes are confined to the near side. We can thus 
see how the mechanical properties of the tissue may cause apparent 
interactions among several pins. 
To estimate the degree to which the interaction is mechanical 
a model was proposed. The model was simple and considered only a 
one-dimensional system. The steady state skin indentation was 
assumed to follow an exponential law on either side of a raised 
pin, an approximation to the observed fac§s. Between two pins 
the two exponentials were assumed to combine into a hyperbolic 
cosine curve (or cosh curve, which is the sum of two exponent1als). 
A row of ten points was used and the space constant ot the indent-
ation was set to be one or two points. Some measure of 
similarity for the results ot applying two pin-patterns had to be 
employed and the ~uclidean distance measure was chosen as a 
raasonably simple and unbiased measure. i.e. 
2 2 d = ( : - .l. ) 
Where, d is the dissimilarity measure, 3 an4 Z are vector. 
specifying the deformed states of the skin resulting fro. 
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ap.i.~lication of the two patterns. ~ach vector consists of the 
ten values of membrane displacement at the representative points. 
(K.B. It is not suggested that the ~uclidean distance measure 
is computed by the human tactual system; it is merely a simple, 
useful measure for our analysis.) 
The model thus gives a measure of the dissimilarity of the 
deformations resulting from the application of two pin patterns 
to a hypothetical membrane, or of the outputs of a set of linearly 
responding receptors. Many pairs of patterns were processed 
with this model and the results are presented in graphical form 
in figs. 46 to 50. 
The effect of non-linearity of encoding at the receptors 
with output proportional to the square root of the indentation 
was also studied bF computing the ~uclidean distances for vectors 
representing the square roots of the deformations. Only alight 
changes of shape of the curves resulted from this modification; 
it was therefore pursued no further and the linear model wa. 
employed. 
The results from this model agree to a limited extent 
with the experimental results. 
It is found that for comparisons of patterns consisting 
of a single pin only, discriminability ri.es with increasing 
separation between the two positions (Fig. 46). Aa in the 
psychophysical experiments, (Fig. 35), the discriminability 
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increases more or less linearly at first, then tends towards a 
constant value. 
Comparing a single pin with a spaced pair, a classical two-
point threshold experiment, yields a linear curve in the 
theoretical case (fig. 46). However, the psychophysical results 
(fig. 36) show an almost constantly high level of discriminability. 
Two sets of measurements were made to parallel the 
experimental results concerning spatial extent. Pairs of points 
were compared, determining the detectability of a fixed increment 
in separation as a function of mean 8epa~tion. Also, rows of 
points were compared to determine detectability of an inc~ement 
in length. The theoretical results are plotted in fig. 47. 
For the solid row, discriminability is alaost constant, perhaps 
falling off slightly for long rows, while for the pairs of pins, 
discriminability rises slightly as separ.tion increases. The latter 
result indicates the variation of 'interaction' of the points. 
When they are close, the deformations interact more strongly, 
causing an impairment if discriminability. 
These results should be compared with those of fig. 37. 
There is discrepan~y for the minimal-extent case, in which on~ 
and two-pin patterns are compared. For the more e~eDaive 
patterns, however, there is correspondence. The ourves for solid 
figures remain constant or fall slightly with increasing extent, 
while those for figures containing a gap appear to rise slight~. 
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The gap detection and discrimination experiments were also 
simulated with the model. Fig. 48 shows performance for 
detection and should be compared with fig. 38. Both figures show 
a rapid rise of discriminability with gap width, though it ia 
extremely rapid for the experimental results. In both cases also, 
to achieve a given level of discriminibility, the width of the gap 
must be at least twice the limen for localisation. 
The theoretical results for detection at an increment in 
a gap are shown in fig. 49 and should be co.pared with those in 
fig. 39. The results of the model show an increase, initially, of 
discriminability with mean width of gap, tending towards a 
constant value for large gaps. The experimental result. alao 
show an increase, but as there are few points on the curve, it is 
not possible to say whether d' is constant for large gaps. 
To parallel the interaction experiments (page 148 et seq.) 
the effects of the presence of a second and third pin upon the 
ability of the model to discriminate between two possible locations 
of the first pin were studied. It was found that as the extra 
pins were brought closer to the first, discriminability fell 
(fig. 50a), as in_the psychophysical experiments (fig. 41). 
Though the curves of fig. 50. do not extend sufficiently far, it 
is to be expected that they.would tend towards a constant value for 
very large separations, as domthe eXieriaental re.ults. 
Replotting the theoretical result. as functions of the 
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total number of pins in the pattern (fig. 50b) we find that as 
the number of pins increases, discriminability decreases, as does 
d' for the psychophysical experim~nts (fig. 42). 
We find, therefore, that such a very simple model can 
predict qualitatively the occurrence of a number of observed 
phenomena. It is not proposed here that all the psychophysical 
results can be explained by reference to the mechanics of the 
skin. Indeed there are many that afe not. The model does not 
predict wide range interactions, which have been found to exi*t; 
for the model, if pins are widely separated they interact little; 
the psychophysical results show interactions between pins widely 
distributed on the fingerpad. Also, the results of Geldard and 
Sherrick (56) demonstrate interactions for loci of stimulation on 
different parts of the body where there is little possibility of 
any mechanical interaction. Nor are the predictions of the 
model much more than qualitative. However, they do show that 
many of the short-range phenomena m&7 be explicable,in part,in 
terms of the mechanics of the skin. 
Obviously also, neural interactions play their part in 
sensory data transf~rmations. In particular, the wider range 
effects imply some spatial convergence of information. It seems 
possible that, in the light of the inhibitory effect of widely 
separated stimuli, some form of mutual inhibition may be occurring, 
resulting in a process of automatic gain control (AGO). The 
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neurophysiology of the tactual system has been shown in chapter 
two to be such that the necesSQ_ry mutual inhibition does occur at 
many levels of processing. 
The effect of a simple AGe system has been tried in the 
model; the deformation at each point was divided by the sum of 
the deformations, so that the new sum was always unity. Thus 
the total of the membrane displacements, or total 'neural response' 
was kept constant. The Euclidean distance calculations were made 
upon these modified quantities. 
The effects of incorporating this AGe system are shown 
in figs. 46 to 50, the modified discriminability measures being 
plotted with dotted lines. From. qualitative point of view, 
many of the results are unchanged (e.g. fig. 48). The curves 
for localisation of a single point and two-point threshold 
(fig. 46) still rise steadily with separation; these for the gap 
detection and discrimination tasks (figs. 48 and 49) are hardly 
changed, even quantitatively. It is for the more complex tasks 
that effects are readily noticed. For the spatial extent 
discriminations, the two curves of fig. 47 still diverge with 
increasing extent, perhaps more rapidly BO, but now it is the 
point pair which maintains constancy, while the solid row results 
fall. In this case, the fit of the curves to the experimental 
observations is slightly bettwr without the AGO. 
For the interaction ~, however, the fit is improved 
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as the curves are more nearly linear. 
The conclusions to be drawn are, therefore, that the 
adciition of an AGC system to the model causes only slight 
improvement in the agreem~nt with the experimental results. 
is not sufficient to prove or disprove the existence of such a 
This 
system in the human tactual system. However, it does demonstrate 
that the effects of an aGC system are not as marked as might have 
been expected. 
A full explanation of the tactile sense mechanisms 
may passibly include a hierarchy of feedback systems at m~y levels, 
so that inhibitory interactions occur between the most widely 
spaced stimuli. The control signals fed back might also yield 
information to the higher centres concerning the overall intensity 
of stimulation. 
6:3:4 Some Temporal Factors 
an important property of the tactual system is that, in 
common with other senses, steady states appear to be less important 
to it than changes. The receptors .espond to changes in 
stimUlation and this is an efficient way of encoding the information 
for transmission to higher centres. The experiments of section 
5:2 have shown that it is more difficult to discriminate between 
steady states than between transient •• 
It apj.Jear.s that for some c:x:perimell ts 200E:~ is a 
critical Juration. Berglund et al. (20) have found that intensity 
of sensation increases till about 2()O to 1200mS,.whereafter it is 
constant. Hawl~es and Warm (73) report that the Weber fraction 
for duration falls with increasing duration, but is approximately 
constant after about 4oOms. The experiment of section 5:3:2 
indicated a critical duration of about 200mS for duration 
discrimination. 
Since the judGements of the latter experiment were made 
upon the intensity of the sensation, the above results appear to 
be linked. It seems that intensity of sensation integrates with 
a time constant of about 200 to 40Oms, and this possibly reflects 
an adaptation, perhaps at the receptor level. 
From the experiments of section 5:7, it appears that 
information concerning position is not integrated (or perhaps 
only to a limited extent); even for very brief pulses, localisation 
ability is not greatly impaired. This finding is important for 
the selection of communication codes, and may also prove to be 
important to the understanding of the operation of the tactual 
system. 
The experimunts with aimultaneity have demonstrated that 
temporal judgements are performed better when the events concerned 
are spatially close. This is possibly a reflection of the fact 
that when the stimuli are almost at the same pOint, the .ame eet 
of fibres will be excited by each. Simultaneous stimuli (o! 
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constant amplitude) will therefore }roduce a single volley in 
the fibres, delayed stimuli a double vo1ley. It has been shown 
that the tactual system can distinguish between nand n+1 
volleys for small n, fhe judgement of simultaneity would in this 
case be an extension of the duration discrimination experiments. 
Only for widely separated stimuli do we have true judgements of 
simultaneity. For intermediate separations, the situation is a 
mixture of the two extremes. 
6:3:5 Conclusions 
From tile experiments of this thesis, and from those by 
others in neurophysiology and psychophysics, a number of conclusions 
have been drawn concerning the~eration of the tactual system. 
The mechanical properties of the tissue can result in 
spatial and temporal modification of the stimulus patterns. 
Travelling waves are set up, and possibly also natural vibrations 
of the tissue. These must be taken into accou*t in a 
consideration of pattern recognition. 
The neural coding of the mechanical pattern results in a 
series of impulses in the afferent fibres which may be phase-
locked to vibrations. The minima1 change in duration which can 
be detected by the subject depends upon the period and phase of 
the oscillations, but is typically about 5mS (for d'=1) for short 
durations. 
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The on- and off-edges of a stimulys pulse are readily 
distinguished and edges Qre distinguishable from brief pulses. 
Steady on- or off-states are, however, not so reliably discriminated. 
The accuracy of localisation for a point stimulus on the 
finge:'pad has been found to be about 1.5mm. Accuracy is also 
anisotropic, the error being a factor of 1.2 smaller in a later~l 
direction than in a proximal-distal direction. 
The mechanical properties of the tissue and the receptive 
fields of fibres can also bring about apparent interactions of 
the components of a stimulus patt*rn over a short range. (There 
are also interactions between even the most remotely separated 
stimuli, which must be neural and probably central in origin.) 
These have been investigated. In general, for all ranges, it is 
found that the presence of other points of stimulation impairs 
the ability to make judgements about one point and the closer the 
extra points or the more there are of them, the greater the 
impairment. Such interactions are anisotropic. 
In contrast, in the judgement of simultaneity of events 
at two points, discrimination becomes better as the time delay 
increases or the two points become closer together. 
It also appears that intensity of sensation integrates 
with a time-constant of 200 to 400mS. Position information, 
however, appears to be conveyed by even very brief pulses and is 
integrated to a very limited extent. 
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6:4: 1 Consequences for Communication Systems 
The expel'iments of this thesis have been performed using 
.... ,.,.y. 
a mechanical stimulator ~ •• ~, since .. such a device has already 
formed a basis for communications systems, and is likely to do 
so in the future. The present apparatus is not portable, as 
is desirable for a blind aid. This, however, is a technological 
problem which it is possible to overcome with present techniques 
of miniaturisation. The locus of stimulation, the fingerpad, 
,was chosen with the fact in mind that it is also likely to be 
employed in using a communication s~tem or blind aid. The 
results obtained should therefore prove of value in the design 
of such a system. 
From the experiments upon loca~isation and upon duration 
discrimination, it appears that suitable magnitudes for the 
quanta of space and time in pattern presentation are about 1.5mm 
and 5mS (for d' values of 1 in discriminations). With such 
quanta the 'graininess' of the patterBs would be just apparent. 
Because of the adaptation of the tactile system, the 
patterns presented should not be staticly 'stabilise~ upon the 
site of stimulation. Either the pattern should change at 
intervals less than about ~alf a second, or the subject should be 
allowed to move relative to the stimulator. The latter case is 
to be preferred, since active movement seems to\be more efficient 
I 
than passive as far as information acquisition is concerned. 
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It has been found during the course of the experiments 
that intensity of sensation SeC1Y;S to be an important parameter 
as far as judgements are concerned. Intensity increases with 
duration and is thus useful in discriminating durations; it also 
increases with the area of stimulation as well as with amplitude 
of the mechanical stimulus. The dependence of intaasity of 
sensation upon so many factors should be borne in mind when 
considering coding schemes. 
The existence or-1ravelling waves upon the fingerpad has 
been demonstrated, and also their effect upon discrimination of 
durations. Some discriminations are improved by their presence, 
some are impaired. It is therefore not possible to say without 
further experimentation and consideration of specific applications 
whether their existence should be encouraged or inhibited in a 
communication system. However, the results have shown that the 
human tactual system is capable of detecting very small changes 
in the duration of the stimulus because of phase-dependent effects 
and that waves could be employed in performing vernier temporal 
judgements. The use of electrical stimuli would circumvent the 
generation of waves and research should be carried out upon the 
recognition of fine-scale electrical patterns applied to the 
fingerpad. 
The experiments upon spatial extent have produced a number 
of informative results. F'irstly, each raised Rin of the pattern 
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impairs judgements concerning spatial details within a range of 
a few millimetres. 'h·· factor..,!o be k . t '.l.' ~s ~s a II:laJlUXaa:&:riUQ: ta en ~n 0 account 
when s~ecifying spacing between the stimulating pins. 
The interaction is probably partly mechanical, dependent 
upon the properties of the skin, and partly neural, dependent 
upon receptive field sizes. On the fingerpad, the mechanical 
component may dominate, while in other body regions, the neural 
component may do so. Some work is required upon the relative 
advantages of the fingefPid and other regions as sites of 
stimulation. Further experimentation with electrical stimuli 
might assist in resolving the relative proportions of the 
mechanical a~d neural components, though care must be taken to 
limit the spread of current from the electrode. 
Beyond the range of immediate interaction, there exists 
a more widespread effect; judgements of detail are impaired by 
pins remote from them. The greater the number of pins in the 
patterns, the more the details are obscured. 
From one point of view, this spatial interaction is a 
disadvantage; it appears to place a limitation upon the amount 
of information that may be conveyed by a single pattern. From 
another point of view, however, it can be said that it is as if 
a built-in mechanism were adjusting the receiving system so that 
it is working to full capacity, under all conditions of stimulation. 
It is to be hoped that a future communications system might be 
able to make use of this innate property to perform useful 
processi~g of information, rather than treat it as simply an 
unwanted degradation of the stimulus. 
Because of the spatial interaction, it would seem that 
temporal coding might provide better transmission rates. The 
experiments upon simultaneity detection have shown that 
performance is best for close proximity of the two stimuli; 
perhaps several temporally coded channels could be packed into 
\ 
r---
a small area. However, a more extensive study to measure the 
impairment of judgements of temporal factors by interactions 
would have to be undertaken before any optimal coding method were 
designed. 
One major fact to emerge from this work is that much more 
research is required before we can hope to construct an optimal 
communication device. 
A Possible Coding Scheme 
Taking the known facts together, certain deductions can 
be made and a suggestion put forward for a coding shheme which 
might achieve good transmission rates. 
It has been noted above that intensity of sensation is 
dependent upon the duration and area of the stimulus, as well as 
its amplitude. In addition, it integrates slowly to its maximum 
value, with a time constant of the order of 0.5 to 1 second. 
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Because of its de?endence upon so many factors, intensity of 
sensation is a basic and very useful parameter upon which to 
base discriminations. For the same reason, ambiguity could 
easily arise if amplitude, duration and area were used together 
as code parameters. Only one of these should be used for patterns 
of short duration. 'l'he use of stimuli of constant amplitude 
and/or duration would simplify mattera considerably. 
" 
The adaptation of the tactual system means that stimuli 
which are 'stabilised' for longer than about half a second 
\ 
become insensible. 'l'herefore, either the pu ttern or the subject 
must move periodically. The former case is probably better for 
three reasons; if the finger moves, it can move off the array 
and thereby'lose information, if the device is pDrtable it may 
be advisable to fasten it to the site of stimul~tion, and it 
may be faster to move the patte~n rather than to allow the subject 
to move and wait for him to return. However, some degree of 
control of pattern position by the subject would be expected to 
improve speed and accuracy of recognition. 
Location information appears to be transmitted r~idly 
and not to be integrated greatly over time; the results of 
experim~nts upon pattern duration (fig. 43) show an increase in 
d t for localisation of a single pin of only a factor of two for 
a variation in duration of 150:1. The shortest duration used is 
Location appears to be a very promising parameter. 
Accuracy of localisation does fall with increasing 
complexity; interactions take their toll as the number of pins 
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is increased. I-lore experiments upon the manner in which several 
.. ,.~ .. ..J.J. 
pattern differences combine to aid discrimination/, but it seems 
that a good approach would be to keep the number of pins in a 
pattern low. 
The experiments upon simultaneity have shown that 
discrimination is best, for a given temporal delay, when the t.wo 
loci are close together. To take full advantage of the temporal 
discriminatory ability, the successive positions of a point should 
, 
not be too widely separated. If points move far, it is likely 
also that the subject will become confused, being unable to relate 
successive patterns and requiring much longer durations of 
presentation of each. 
In summary, a good coding scheme would consist of the 
following; a sequence of patterns should be presented in succession, 
each consisting of few points (preferably a constant number) which 
move only a short distance frompi1ii~nto pattern. (In a limiting 
case, we have only a single point in each pattern, which 'moves' 
around to 'draw' sha~es.) 
A coding scheme of this sort is fairly closely akin to the 
range of stimuli which are normally encountered by the sense of 
'l'ouch. 
A number of simple 'moving' patterns have been programmed 
for the tactile display, viz. a spirally moving point, lines 
moving horizontally an vertically and a rotating line. It has 
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been found that many ob(jerVlers are readily able to identify and 
describe them, thoue;h as yet, re::"iable experiments have not been 
performed with such stimuli. 
A series of experiments with simple moving stimuli should 
yield much pertinent information for the design of communication 
systems and coding schemes. 
research. 
This is an obvious future line of 
CHAPTER 7 
Future Research 
7:1 'I'he Past and Present 
The work described in this thesis has disclosed some 
new facts about the human tactu:.l system, and thrown new light 
upon some prjviously known facts. It was inta.aed at the outset 
of the course of experimentation to perform some of the more 
elementary experiments in limited depth only, before proceeding 
to a richer study of pattern recognition. It was found, however, 
that effects existed which demanded further investigation before 
/ '--the main~theme could be continued. It is hoped that we are now 
a little further along the road to using the skin as an auxiliary 
channel of communication, and that we have a little more insight 
into the effects of stimulation of the skin and some of the more 
elementary processes involved in t~c~ual discriminations. 
7:2 The Future 
In the limited time available, it has not been possible 
to study in depth e.ery question that has arisen from the 
experiments. There are very many course~ for future research 
which may prove fruitful. 
As far as the apparatus is concerned, it might prove 
advantageous to develop other stimulator arrays. The present 
device possesses a natural resonance which is excited by transients, 
causing the stimulating pin to bounce. A p1ezo-electric 
transducer, it is hoped, would resonate at a sufficiently high 
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fre~uency to be easily damped. 
An array of electrical stimulators, capable of providing 
.!.mnc ta te s timula tion of the fingerpad, ..,i thou t mechanical 
action, would prove most useful. Comparison of experiments with 
mechanical and electrical stimuli would be valuable in fui:ther 
studies of travelling waves and mechanical interactions. 
There is a need too, for a series of experiments to 
determine the mechanical properties of the fingerpad in more 
detail. 
" 
A more accurate model than that of the previous chapter 
would assist in the selection of stimuli and would define the 
boundary between mechanical and neural interactions rather better. 
Discrimination of durations: The experiments have 
indicated possible methods by which the human tactual system may 
judge duration, but further work is required to decide between 
them. It would be informative to extend the pulse counting 
experiments by employing a wider range of pulse numbers and a 
range of pulse rates. Information concerning the operation of 
some of the integrative processes of the nervous system might 
thus be obtained. 
The facts that intensity of sensation depends upon 
duration and spatial extent, and that it is also a basic 
parameter for discriminations imply that a trading relation might 
exist between duration and area of a pattern, at least over a 
small range of values. A check upon this possibility could be 
made fairly simply. 
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Simultaneity: A more general study could be initiated. 
The apparently constant 'velocity' for constant d' found in the 
experiments described earlier may qr may not hold for a wider 
range of conditions. 
So far, the standard pattern has been pulses simultaneously 
applied to two loci; non-simultaneous pulses could be~ed as 
standards instead, to measure difference limen. instead of 
thresholds. In view of the known interaction of spatial and 
temporal factors, a series of many experiments to measure 
discriminability of a wider range of patterns would be valuable. 
Such a series would include two-point separation discriminations, 
and simultaneity discriminations as special cases, but would 
reveal the transition between the two, as well as providing 
further data concerning the Phi-effect. Previous stUdies of 
the }hi-effect have been concerned with measuring the 'goodness' 
of the apparent motion. Measurements of spatial and temporal 
limens for double pulses might throw light upon the phenomenon 
from a different angle. 
S~atial Factors: The lack of conclusive evidence from 
the experiments for spatial summation in judgements of extent 
desevves further researcg,-particularly in view of the fact that 
such summation has been reported for threshold of sensation. 
It is possible that there may be a trading relation between 
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sensi ti vi ty and acuity for tac tual di5crimin~Jtion5, in which 
extent of the pattern influences the performance of the system. 
There is evidence in favour of this hypothesis in the results 
for the interaction of several pins. 
Interactions: Several factors can be studied in more 
depth. The use of electrical stimuli might reveal to what extent 
the interactions are mechanical in origin. The effects of 
orientation, particularly whether there is a difference between 
the ~n-lin~ and 'perpendicular' cases, should be pursued. 
may well help to determine whether special mechanisms for 
detecting collinearity exist in the tactual system. 
They 
The effects of neighbouring points upon other tasks than 
localisation, such as detecting presence or absence of a pin, or 
making judgements avout temporal features, such as duration, 
should be investigated. The results will be of value in planning 
efficient codes for communication. 
Duration of Pattern: An extended study of the variation 
of discriminability of two patterns with duration of presentation 
may prove extremely infDrmative. If different modes of variation 
were found for different types of pattern distortion, then this 
might be taken as evidence for different neural mechanisms being 
employed, as well as indicating processes involved. 
The apparent lack of summation of information over time 
for single pin localisation should be studied further, introducing 
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more pins into the patterns. The inteeration of intensity of 
sensation is an established fact; how many tasks involve temporal 
integration and how n:any do not? Those which do employ it may 
show differing time courses, indicating simple integration with 
a fixed time constant, or channels of limited information capacity. 
The comparison of results obtained with very brief and very long 
durations for a variety of patterns may also assist in unravelling 
the operation of the tactual system. 
The consideration of coding schemes in the previous chapter 
has shown that perhaps a whole class of patterns, namely 'line 
drawings' should be investigated. Ihitially, simple tasks would 
be set, judging velocities and distances and possibl¥ directions 
of motion, Later, recognition of geometric shapes and letters 
would be studied to determine a suitable Get of ?atterns for use 
in a communications degice. 
Ideally, the psychophysical work should proceed with 
many cDoss-references to neurophysiology, so that ultimately the 
many transformations the stimulus undergoes on its course through 
the nervous system may be understood. In this way it is hoped 
that the more basic functions of the tactual system may be determined 
and the long-term aim of this research, to use the skin 
efficiently as a medium of communication, may be achieved. 
APP.c;NDIX 
Signal Detection Theory and AXBX Presentations 
A:1 The Problem 
For reasons outlined earlier, the AXBX presentation 
scheme was chosen for the experiments of thesis. It was also 
thought that an analysis of the results in terms of signal 
detection theory would be appropriate, but the necessary 
calcul~tions could not be found in the literature. 
there£ore presented here. 
A:2 Signal Detection Theory 
'l'hey are 
The application of signal detection theory to psychophysical 
experiments has been described adequately by Swets, Tanner and 
Birdsall (104) and by Licklider (79). An outline only is therefore 
given here. 
It is assumed that the presentation of a stimulus to an 
observer sets a number of his internal state parameters:l,to 
particular values. (What the parameters are remains unspecified. 
They might be the states of the receptors, or of the higher 
centres after much processing has been performed.) The set of 
Parameter values can be represented as a single point in a 
multi-dimensional space. Different stimuli, therefore, are 
associated with different points, and the distance between two 
points is a measure of the subjective difference between the stimuli. 
It is assumed also, that a certain amount of 'noise' is 
present in the system, so that successive presentations of the same 
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stimulus do not necessarily give rise to the same point in 
'observer-space'. We can say though, that there is a particular 
probability distribution for the position of the representative 
point of a given stimulus. 
It will also be assumed that the observer classifies 
points in observer-space to maximise his pay-off. i.e. A single 
point could, in principle, result from the presence of any of a 
set of stimuli. However, given the point, the probabilities that 
it results from each stimulus can be calculated. The observer 
knows the relative values of rewards for correct decision and 
penalties for incorrect decision. He will set up decision 
criteria such that, in the long run, his expectation is maximised. 
e.~iuppose there are two stimuli, A and B, The observer will 
set a boundary somewhere between the two distributions. Points 
on one side will be classified as type A, those on the other as 
type B. The position of the boundary is set by the observer to 
maximise his average pay-off. 
supports this hypothesis. 
Experimental evidence, (104), 
Let us now consider a simple threshold experiment, in 
which the stimuli are: Signal and No-Signal. A single stimulus 
is presented and the observer must classify it. 
There are two distributions in observer-space. For the 
purposes of calculation" we join the means of the distributions, 
label the line the z-axis, and project observer-space onto this 
line. We thus have two probability distributions on the z-axis 
which appear as in fig. 51. We .now further assume that they are 
Fig. 51/ 
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centred upon za and zb, that they are both ~ormal di6tributions 
and that they have the same standard devi&tion, s. 
",k .. ", 
Rather/persist with the arbitrary z-units, we scale the 
figure by a factor of 1/s, and we shift the origin to zb. 
The distributions are now Unit-Normal (i.e. Standard deviation =1) 
and distances are measured in terms of numbers of standard 
deviations. The distance between the means, measured in 
standard deviations, we call d'. 
An observer will have a criterion for his classification 
which will lie somewhere on the z-axis. If the representative 
point of a particular stimulus lies to the right of the criterion 
he will classify it as type. (Signal), if to the left, as type B 
(No-Signal) • The position of the criterion will depend upon the 
pay-off values of the various outcomes; if the observer wishes 
to be sure of spotting every occurrence of the signal, his 
criterion will be to the left of centre, if he wishes to be very 
sure before he says 'Signal' that he is right, his criterion will 
be to the right. 
For a given combination of d' and criterion, the probability 
of correct response can be calculated, and the probability of a 
false alarm. Conversely, if these two probabilities are measured 
in an experiment, by looking up a table, the values of d' and 
criterion can be determined. 
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If a Two-Alternative Forced-Choice (2AFC) technique is 
employed, the analysis is similar. In t:rlis presentation, two 
stimuli o.re presented, one being Signal, the other, NO-Signal, 
and the observer must state which is which. There are, therefore, 
two points in observer-space. 
In this CD-se, it is assumed that pay-offs are symmeitrical, 
so that the observer merely maximises his probability of being 
correct. 'fhis he does by assuming whichever'stimulus produces 
the greater z-value is Signal, and responding accordingly. 
The probability of a correct response can easily be 
calculated. It is the probability that a single dr8Wing from 
the Signal distribution is greater than one from the NO-Signal 
distribution, for a given value of d'. Once more, if this 
probability is found experimentally, the value of d' can be found 
from the calculated table. 
There is an alternative way of treating this case, which 
will be used again later and is therefore given here. 
The observer could equally well subtract the two values 
of z obtained from the two stimuli, and then choose according as 
the difference is positive or negative. 
The difference distribution has mean (za-zb) and 
a variance which is the sum of the variances of the two stimulus 
distributions. Thus the standard deviation is ~ times larger 
than that of the stimulus distribution. It will be seen that 
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the probability of a correct choice is thus the ~robability that 
d' 
a single drawing from a distribution with mean~ and standard 
devi~tion J2 is greater than zero. 
The two methods of calculation are mathematically 
equivalent and yield the same numerical results. 
A:3 The AXBX Presentation 
In the AXBX scheme, the subject is presented with four 
patterns in sequence, wiEch will here be called A, X1, B, X2. 
Patterns X1 and X2 are the same and are both either A or B. 
The subject is required to state whether the first pair (A and X1) 
are different, or whether the second pair are different (B and X2). 
Alternatively, the task can be considered to require the subject 
to state which pair contains the odd pattern out, since three 
patterns are the same. 
Assumptions: It will be assumed that each stimulus pattern is 
associated with a Normal distribution in observer-space, and 
further, that the standard deviations of these distributions are 
all equal. 
Notation: For the purpose of this analysis, it will be assumed 
-
that A is unique and hence X1 = 12 = B • It is required to 
determine the probability that the subject chooses the first 
pair, given a particular value of d'. 
Let the distributions associated with A and B have mean 
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z-values of za and zb respectively, and i)OSSeSS standard deviation 
s. 'l'hus, 
d' = za-zb 
s 
s ........ "..,~&I ..,.;, rf.." ~ ~"'"'=icd" 
A number of possible -Mlelta~ieIIe can exiB1; these will be 
considered.in turn. 
2AFC of Pairs: the subject treats each pair of patterns as a 
single entity which has a certain amount of 8 certain property 
called 'difference'. He chooses the pair with the greater amount 
of 'difference'. 
From the probability of correct response found experiment-
ally, a value of d' can be obtained by looking up published tables 
for 2AFC situations. However, the value obtained refers to pairs 
and not to individual patterns. i.e. We can onJ.y determine by 
how much the 'same' pair differ. from the 'different' pair, not 
by how much the individual patterns differ. 
Line 1 on fig. 53 represents d' for a simple 2AFC case. 
If the subject responas as in the above hypothesis, this curve 
gives d' measures of the difference between the two pairs. 
In order to proceed from statements concerning the pairs 
to those concerning the individual patterns, assumptions must be 
made about the details of the subject's decisions. A. number of 
these will therefore be discussed. 
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Relationship between the dt measure and probabilit,y 
of oorreot response for several experimental situations. 
1/ 2-Alternative loroed Choioe. 
2/ 
3/ 
4/ 
AXBX, Signals Known Exaotly. 
AXBX, Signals Unknown, Patterns Paired. 
AXBX, Signals Unknown, OYerill Mean Estimated. 
-204-
Signals Known Exactly, X Known: If the subject knows which 
patterns are being compared and also knows which of them is X, 
it only remains for him to decide which is A and which B. As 
the subject has only to determine the order of presentation, this 
situation reduced to a straightforward 2AFC task and the 
probability of correct response can be found from published 
tables. 
Signals Known Exactly, X Unknown: If the subject knows the 
two patterns to be compared, but does not know which is X, his 
task is two-fold; he must decide which pattern is X and he must 
decide the order in which the two patterns are presented as A and 
B. Having done this his response is determined. 
A statistically good strategy to adopt for the former 
task is to take the mean of X1 and X2 and to decide according as 
the mean is nearer to A or B in observer-space. 
As we are assuming that X is B in the particular case 
under consideration, the mean of X1 and X2 will be represented by 
a distribution with mean zb and standard deviation~. The 
probability of correct identification is the probability that 
the mean X will be less than za+zb 2 • This is the same as the 
probability that a single sample from a unit normal distribution 
will be less than za-zb .~ = d' • 
2 s J2. 
This is exactly as for the 2AFC, leading to the same 
value of probability for a given d'. 
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Let us denote this probability by P2. 
It'or the second task, the subject has a simple 2A.FC 
which will yield a probability of being correct of P2 also. 
Hence, the probability of correct outcome , P , is the 
c 
probability of correct X identification and correct AB ordering 
plus the probability of incorrect identification and incorrect 
ordering; 
Pc = P2 oP2 + (1-P2 )·(1-P2) • 
Line 2 on fig. 53 represents this state of affairs. 
It will be noted that because two independent decisions 
are involved, rperformance is pooree for a given pair of jatterns 
than in 2AFC. 
Signals Unknown: All the subject knows is that an AXBX scheme 
is being employed. 
In this case, the subject has two alternative policies: 
1/ To take the patterns in pairs, determining a measure of 
difference for A and X1, and for Band 12, and to choose the pair 
corresponding to the greater magnitude of difference. 
2/ To estimate a mean p~ttern and to choose A or B, according 
to which deviates most from the mean. 
If thresholds and conditions can be relied upon to remain 
constant throughout the presentation, then 2/ is probably better. 
If they vary, then perhaps 1/ is to be preferred, especially if a 
systematic variation exists. By splitting the AXBX scheme into 
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two pairs, the second policy rejects the information that X1 
and X2 are the same. It is to be expected therefore, that the 
second should yield inferior performance to the first. 
Fatterns l;aired: the subject chooses the pair with the greater 
difference. 
In order to analyse this case, we must assume a method 
by which the subject computes the difference measure. A number 
of alternatives are possible. One which does not lead to 
great difficulties of computation is the modulus of the difference 
of the positions in observer-space. i.e. 
I A-X1 1 and 
'rhis has the desired properties of increasing with 
separation of the representative points and not complicating the 
probability calculations greatly. 
Consider the two func tions; (A-X1) and (B-X2) • These 
possess distributions whose means are at (za-zb) and 0, 
respectively. Both distributions have standard deviation ~.s 
To find the distributions of the moduli of these two functions 
• 
we simply 'fold' the curves at the origin, as depicted in fig. 52 • 
. 
for distributions centred on zl and zl. 
It is now a relatively straightforward matter to compute 
the probability of correct response, which is the probability 
,,\, .... ~~ ........ 
that a single sample from the first/is greater than a single sample 
from the second. 
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Curve 3 in fig. 53 depicts the results for this case. 
It will be noted that, since less a priori knowledge is 
given to the observer, for a given pair of patterns (i.e. a given 
value of d') probability of correct response is always less than 
for the previous case. 
'raking hean: from an average of the four patterns, the subject 
estimates the differences of A and B fro~ the mean, choosing 
accordingly. 
The derivation a' a mean can be made in two possible ways; 
a/ From a sum over all four patterns. The subject simply chooses 
according to which of A and B differ most from the mean. 
b/ From a sum over three patterns. The subject takes a mean over 
A, X1 and X2 and estimates by how mich B differs from this. He 
also estimates by how much A differs from the mean of X1, Band X2, 
and he chooses according to which difference is greater. 
a/ Mean over four patterns 
The overall mean will be ; 
t ( A+X1+B+X2 ) 
This has a distribution over z which has a mean value: 
za + 3.zb 
4 
and standard deviation, s. 
2 
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subtract the mean from A and B in turn, to yield 
1 4 ( 3·A ~ ( X1+B+X2 ) ) and 1 4 ( 3·B - ( A+X1+X2 ) ) 
respectively. Corresponding to these weighted means we have two 
distributions over z which have means: 
~ (za-zb) and t (za-zb) , respectively 
and standard deviations both equal to ~.s • 
Once more, samples from these two difference distributions 
can be positive or negative, so that in order to compare them, we 
must take the modulus of the difference as aur measure of 
dissimilarity. 
Fig. 52 also illustrates this case. If we consider t .. 
patterns which have a separation in observer-space such that d'=2, 
then the two dotted curves, with means at d'=O.5 and d'=1.5, 
can be taken to represent the two difference distributions. The 
solid curves will therefore represent the distributions of the 
moduli of the differences. 
The probability of a correct decision, in this case, is 
the probability that a single sample from the distribution of 
the first modulus, is greater than a single sample from the 
distribution of the second modulus. 
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The mean over X1, Band X2 will be: 
1 ( X1+B+X2 ) 3 
and subtracting this from A, we obtain: 
1 3 ( 3.A - ( X1+B+X2 ) ). 
Similarly, if we take a mean over A, X1 and X2 and subtract 
it from B, we obtain: 
1 3 ( 3.B - ( A+X1+X2 ) ). 
These weighted means have associated distributions over 
z which have means: 
and 1 ( za - zb ) , respectively 
and both possess the standard deviation, ~.. • 
Comparison with the results of a/ will show that the two 
cases are in fact quite similar. The means of b/ are a factor 
of 4 3 greater than those of a/ t and the standard deviations follow 
• 
the same rule. There is simply an overall scaling factor relating 
the two cases, and consequently the calculations of probability 
will yield identical results. 
Curve 4 of fig. 53 shows the results for these cases. 
It will be noted that for d'< 3.3 , curve 4 is lower than curve 3, 
showing that the pairing of patterns dispenses with some of the 
information available to the subject. 
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A:4 Disc~ssion 
'l'he problem remains that we have calculated several 
relationships between probability of correct response and d r , 
and one of them must be chosen as appropriate to the experiments. 
Let us re-examine the reasons behind the choice. 
The experiments consist of comparisons of patternsland their 
results of proportions, or probabilities. The measures of 
similarity of patterns,therefore,are numbers between 0 and 1. 
l;he disadvantage oj such measures is that, while the experimental 
parameters can vary over an almost unlimited range, the results 
are confined to a very small range. I'lOSt plots of performance 
against parameter would therefore resemble a curve tending 
asymptotically from 0.5 to 1. 
In an endeavour to show results in a more informative 
manner, a transformation of the performance measure from the 
range 0.5 to 1 to the range 0 to infinity would be very valuable. 
Very many such transformations exist, and one must be chosen which 
does not discard information and which, hopefully, reflects more 
accurately the internal processes of the subject. 
The d' measure varies monotonically with probability of 
correct response and therefore satisfies the first criterion. It 
assumes a model for the decision process which, while not being 
provably correct, yields results demonstrably independent of 
technique of measurement and intuitiTely satisfying. 
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The transformations calculated in this appendix have 
taken the same model as their statting-point, together with a 
number of different possible strategies for the subject. They 
have all been found to be mono tonic and to cover the desired range, 
and are, in consequence, all suitable candidates. 
Of the four curves of fig. 53, the first two may be 
dismissed on the grounds of inapplicability to the present 
experiments. Curve 1 only expresses relationships between pairs 
of pairs of l,atterns, and curve 2 represents the situation when 
the subject knows the two patterns being compared well. 
The choice is thus between transformations represented by 
curves 3 and 4. Over the range of differences within which most 
of the pattern pairs presented lie, curve 4 shows a more efficient 
use by the subject of the information available to him. In 
particular, it makes use of the fact that three of the patterns 
in the AXBX presentation are known to be the same. 
Curve 4 was therefore chosen as representing best the 
strategy of an efficient observer. 
Having decided upon the transformation to be used, a few 
points are worth making. 
Firstly, it is dubious whether the results of any single 
experiment of this thesis could be shown to correspond better to 
anyone of the curves of fig. 53, assuming aome particular 
relation ship between parameter and d' values. 
Secondly, a series of experiments could have been under-
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taken to have determined the transformation from probability to 
d' eml)irically, by making comparisons ofAXBX and 2AFC presentations. 
However, in order to obtain a curve sufficiently accurately to 
be able to determine whether it were 3 or 4, for example, a very 
large number of experiments would have been necessary. Because 
the investigattion undertaken was supposed to be a study of the 
t~ctual system and not of a particular technique of analysis, and 
because it would have been very time-consuming, the empirical 
approach was not embarked upon. 
'rhirdly, the particular choice of transformation is not 
~primary importance; most of the conclusions reached would have 
remained the same. The graphs plotted in the earlier chapters 
would look largely the same. The choice of transformation that 
has been made has yielded a number of roughly linear graphs, and 
thus appears to be substantially correct. It seems likely that 
il the choice is in error, application of a simple scaling factor 
would correct the results to within the limits of experimental 
error. 
For purposes of comparison, in fig. 54 is plotted the 
amount of information transmitted to the subjecg in a single trial 
as a function of the probability of correct response. For tasks 
in which this probability is le 50 than about 8Q%, it will be seen 
that information is approximately proportional to the square of dl. 
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Table A:I gives the calculnted probabilities of correct 
responses for given values of d', us plotted on curve 4, fig. 53. 
Table A:II is the inverse of table A:I, giving values of d' for 
specified probabilities of correct response. It is this table 
that has been used to calculate d' values in this thesis. 
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Fig. 54/ 
Probability of Correct Response. 
Relationship between transmitted information and 
probability of oorreot response for experiments 
involving two possible responses. 
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Table 1\.:1 
Probabilities of error and correct responses for given values of d l • 
d' % Correct % Error d' % Correct % Error 
0.000 50.0 50.0 3.88 94.5 5.50 
0.139 50.2 49.8 4.02 95·1 4.93 
0.277 51.0 49.0 4.16 95.6 4.40 
0.416 52.2 47.$ 4.30 96.1 3.92 
0.554 53.8 46.2 4.43 96.5 3.47 
0.693 55.8 44.2 4.57 96.9 3.07 
.0.831 58.1 41.9 4.71 97.3 2.70 
0.970 60.5 39.5 4.85 97.6 2.37 
1.11 63.1 36.9 4.99 97.9 2.07 
1.25 65.7 34.3 5.13 98.2 1.81 
1.39 68.3 31.7 5.27 98.4 1.58 
1.52 70.9 29.1 5.40 98.6 1.37 
1.66 73.3 26.7 5.55 98.8 1.18 
1.80 75.7 24.3 5.68 99.0 1.02 
1.94 77.8 22.2 5.82 99.1 0.88 
2.08 79.8 20.2 5.96 99.2 0.75 
2.22 81.7 18., 6.10 99.4 0.65 
2.36 83.4 16.6 6.24 99.4 0.55 
2.49 84.9 15.1 6.37 99.5 0.47 
2.63 86.3 13.7 6.51 99.6 0.40 
2.77 87.6 12.4 6.65 99.7 0.34 
2.91 88.8 11.2 6.79 99.7 0.29 
3.05 89.8 10.2 6.93 99.8 0.24 
3.19 90.8 9.20 7.Ofj. 99.8 0.20 
3.33 91.7 8.31 7.21 99.8 0.17 
3.46 92.5 7.50 7.34 99.9 0.14 
3.60 93.2 6.76 7.48 99.9 0.12 
3.74 93.9 6.11 7.62 99.9 0.10 
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Table A:2 
Values of d' for given probability of correct reponse, or error rate. 
% Correct % Error d' %Correct % Error d' 
50 50 0.000 75 25 1.76 
51 49 0.279 76 24 1.82 
52 48 0.393 77 23 1.89 
53 47 0.484 78 22 1.95 
54 46 0.566 79 21 2.02 
55 45 0.636 80 20 2.09 
56 44 0.704 81 19 • 2.17 
57 43 0.766 82 18 2.24 
58 42 0.827 83 17 2·33 
59 41 0.884 84 16 2.41 
60 40 0.941 85 15 2.50 
61 39 0.996 86 14 2.60 
62 38 1.05 87 13 2.71 
63 37 1.10 88 12 2.82 
64 36 1.16 89 11 2.94 
65 35 1.21 90 10 3.07 
66 34 1.26 91 9 3.22 
67 33 1.31 92 8 3.38 
68 32 1·37 93 7 3.56 
69 311.1 1.42 94 6 3.77 
70 30 1.48 95 5 4.00 
71 29 1.53 96 4- 4.27 
72 28 1.59 97 3 4.60 
73 27 1.64 98 2 5.03 
74 26 1.70 99 1 5.70 
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